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+  Aveilable information relating to cratering and
’ penetration in metallic targets has been gathered. Impact

of compact ‘particles, microparticles, and rods at iiormal

and oblique incidence on quasi-infinite targets and on thin
targets, multiple spaced targets?qﬁpd shielded targets isq
considered. Experimental data -8 presented in tabular aw!i+
graphical form for ready references. Availal -le theories and
semi-empirical theories, as well as empirical correlatign

O j equations are summariged 4a—aniﬁenm_nn;atiangmmiauﬁncompared
i : with each other and with the experimedta] data. For mnormal

{? j impact o quasi-infinite targets twof%mpiricai correlation
exprés%jﬁﬁs are deduced which are more gensrally applicable
than pfgﬁibus expressions. A qualitative description of the
cratering“process is given, and .ealistic regions of impact
are3§ééiﬁéd, Recommendations for future ex; :rimental and
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SECTION T

INTRODUCTION

Cratering and penetraticn of targets by
projectiles travelling at velocities at which the pro-
jectiles suffer severe deformation or breakup has recently
received a great deal of aiiention, due to the importance
of this phenomenon in the protection and lethality of
space vehicles and ballistic missiles.

A great deal of experimental data has been
published by a number of laboratories, and considerable
theoretical work has appeared during the last few years.
Limited comparisons of data from one laboratory with that
from another, and of experimental data with theory have
shown some important discrepancies. Considerable confusion
exists bacause, except in a few instances, the data from
one laboratory are not direct:ly comparable with those from
another, since identical materials, projectile shapes or
velocity ranges were not used. As a result, several more
or less contradictory empirical expressions have been pro-
duced at different laboratories to fit their own data.
Unly the lower end of the velocity range of interest in
space applications has been exploved experimentally in any
detall. Extrapolations of the various empirical daia fits
to higher velocities leads to large discrepancies.

Experlmental-thecietical compuarisons have been
hampered by the fact that on the one hand, target and pro-
jectile material properties appearing ip “he theories have
not been measured or reported by many laboratories. On the
other hand most of the theories are simplified to the point



where they may be applicable to only very limited ranges of
velocity and material properties, and the range of applica-
bility of these theories is not cleax.

In an attempt to assess the present status of
experimental and theoretical knowledge of impact phenomena,
experimental data published priorx to 31 March 1961 was
gathered and checked as far as possible for consistency,
and compared where possible with the avallable theories.

An attempt was also made to correlate the data on the basis
of simple empirical expressions.

This report is limited to consideration of impact
into metallic targets under conditions such that the projec-
tile suffers severe deformation or breakup in the cratering
process, Data on sﬁaped charge jet penetration has been
excluded since this has been covered adequately elsewhere.



SECTION II

EXPERTMENTAL DATA

During the data acquisition phase, thirty-nine
groups active in high velocity impact or in developing nro-
jection techniques were eiiher visited oxr contacted by
telephone. Not every group had performed cratering experi-
ments. Table I lists the laboratories in possession of
experimental facilities, together with an indication of the
type of work reported. The bibliography lists most of the
important publications containing information on cratering
generated at these laboratories.

Several different target configurations have been
used. Most of the data related to comnfigurations shown in
Fip 1.1 They may be classified as:

fa) Normal impact on quasi-infinite targets
(b) Oblique impact on quasi-infinite targets
(e) Rod impact on quasi-infinite targets

(d) Tmpact on single thin targets

(e) Impact on quasi-infinite targets protected by
a thin shield

(£) TImpact on multiple spaced thin targets

An attempt has been made to extract the original
mecasured quantities for each experlmental firing. In some
cases, published repeorts contained tabulations of wmeasured
quantities. In many cases, the data was plotted in non~di-

mensional form, and the extraction of the measured quantities

[¥))



required considerable care. In many cases, additional infor-
mation was requested, and received from the laboratories
concerned. In a few cases, soviwe difficulty was experienced in
extracting measured quantifties due to ambiguities, or exces-
sively small scale data plots,and as a consequence some un-
certainty is comnected with the corxrresponding data.

Material properties for both projectile and target
materials were quoted in the publications in only a few in-
stances. Some of the data on material properties which were
quoted, were handboock values. In only a few instances were
material properties measured on the actual test specimens.
Where adequate data were missing, additional information was
requested from the laboratories concermed. In some instances
where no information on material properties was supplied,
average handbook values corresponding to the material speci-
fication were used. In a few instances no detailed material
specifications were supplied, or the material specifications
were insufficient to allow reasonably reliable handbook values
to be chosen.

The data are tabulated in the Addendum.

By far the largest proportion of firings have been
made into targets of quasi-infinite thickness at normal inci-~
dence, over 1700 data points having been reported for this
contiguraion. The target material-projectile material com-
binations which have been used for this configuration are
shovn in matrix form in Table II. Inserted are the velocity
rangeé in feet per second used at the various laboratories.
Data for those material combinations for which sufficient
data points exist are plotted in Figs.l.2t0 L.25. Cratering
in quasi-infinite targets by compact projectiles at normal
incidence is discussed in Section V.

o



Only relatively few firings have been conducted
using other projectile-target configurations. Presentation
of data and discussion relating to these cases is deferred
to later sections.
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SECTION IIIL

EXISTING CRATERING AND PENETRATION THEORIES

Several theoretical analyses of high velocity

cratering and penetration have been made. These may be con-

veniently divided into four groups in accordance with the

simplifying assumptions involved:

(a)

(b)

N

(c)

(d)

Rigid Prcjectile, i.e. the projectile is undeformed
during penetration.

Hydrodynamic, i.e. the prejectile has zero shear
strength. Strength of the target may be negleccted,
or accounted for by a correction factor.

Thermal Penetration, i. e. the material is removed
from the target by melting or vaporization.

Explosive Analogy, i.e. the crater is considered
to be identical to that formed by an equivalent
mass of high explosive detonated in contact with
the surface of the target.

3.1 Rigid Projectile

Several theories in this category refer to penetration

of thin targets by armor-piercing projectiles, and as such are

strictly not applicable here. They are, however, included for

completeness. These include Beths’s theory of penetration of

relatively thick target plates

106, later extended to apply to

E3

The numbers appearing in superscript pertain to the references
at the end of the report.

7 Lrains
docume ‘Qa’ﬁ we\ﬁe
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relatively thin targets where the target thickens appreciably
near the hole,106’107° Thomson's theory of penetration of
very thin targets which bend out of their plane during pcne-
108 and Zaid and Paul's cheoryllo]ln’uz’113 for

very thin plates which petal.

tration,

Three other theories in this category were proposed
for the penetration of space vehicles by meteorcids, each
assuming that the projectile remains rigid. Grimminger117
assumed that the projectile was slowed by drag during a "fluid"
phase of the penetration, and estimated the remaining pene-
tration at low velocity with the aid of an empirical armor-
penetration law. Bohn and Fuchs118 assumed a similar "fluid"”
drag force, with an additiomal static force proportiomal to

119,120 considered

the Brinell Hardness of the target. Zaid
a rigild projectile which is scparated from the rigid target

by a zone of incompressible fluid composed of both projectile
and target material, which flows radially outwards, eroding the
target: to form a crater.

.
3.1.1 _ Thick Plate Targets, Betho'*®

Bethe approached the problem of target perforation
by finding the work required to expand a hole to the radius
of the projectile in an infinite plate of thickness T . For
the thick plate, plane strain is assumed. A first approxi-
mation to the dynamic problem is obtained by using the static
solution, making a subsequent correction for dynamic behavior.
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The two-dimensional static stress distribution in
an infinite plate is

v == 2R - L (E) r e
(3.1)
or = =ty 7 <3 o = V(-ly £ +4)  rep

ro= b & —ij
ro \ (572 -2 \/’) \//

is the elastic-plastic boundary, for hole radius b , which
satisfies the Tresca yield criterion

o, - 6. = Y (3.2)
0. s Og are the radial and circumferential stress
respectively at radlus r , ¥ the Poisson's ratio for the
target material and Y the yield strength of the target
material. In the elastic zone, r 2Ty, the radial dis-

placement u is given by



ro>r;
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-

(3.3)

(3.4)

ig now solved using the static solution as a first approxima-
tion, the radius of the hole during perforation being de-

fined by the ogival shape of the projectile,

= O 1L<
. :
b = R sin "Z\—/‘L_ O <t <
- Loy

where R 1s the projcctile radius, L
v

foration.

and

A second approximation to the solution of this

equation is now made using the dynamic boundary conditions,

in place of the static boundary conditions initially con-
VR

sidered. This effect will be of the relative order

where

e 1

Cr = e e
\/("_V)./Of,—

2

In order to complete the solution of ithec problem, it is

necessary tc solve the plastic equation,

)t or

10

r

(3.5)

the length of ogive,
the projectile velocity assumed constant during per-

{
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where the yield stress Y 1s considered constant, in which
the earlier static and dynamic elastic solutions are drawn
upon to specify the boundary conditions. In this manner,
neglecting second order terms, the radial stress at the
hole during the ogival penetration is cbtained. The total
resistance to penetrailon calculated for this solution is

R

W = —T/zfr'b,o;(b).olb
Q

(3.7)

2,
Y & ‘ (i +v) ™ VR
= mR 1[3(103(5—‘1‘\’))” +I)+389!2(;'_+y'-:)" ﬂt‘ 2 L )

Bethe shows that for Orowan's dynamic yield conditionm,

Yoy = Y, (1 - p log )

where A is the rate of straining, the total resistance
should be calculated with s vizld corresponding to 3 rate

of deformation

T /(5_/2_ -2}))>/a’
A= 2 G

(3.8)

r*|<
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3.1.2 Thin Plate Targets, Bethe 100
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During the perforation of a thin plate, the target
is found to thicken appreciably near the hole. However,
since the plate is thin, plane stress 1s still assumed. Be-~
cause of this assumption two yield criteria are necessary to

define the plastic zomne,
- g = Y if 9 is tensile,

R ¢ if oy 1s compressive
o, always being compressive. The analysis of the resulting
equations is far more complicated than for the thick-plate
target. Bethe assumed that the dynamic correction to the
initial static solution would be the same as for a thick

Liircailds O

plate target.
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G. 1. Taylorlo7 has pointed out that the original
thin-plate solution formulated by Bethe did not use the
correct stress-strain relations in the plastic region. He
resolved the equations numerically using the corrected
relations and found that ('ve work necessary to expand the
hole statically in the incompressible target material

was
W = 1'133 m R* T Y

The total resistance to penetration is the sum of this
and Bethe's dynamic correction for an ogival projectile,
that is

A i
W o= TRT {;.33y + 09728 p (lf —‘f—_B) } (3.9)

Here the yield stress 1s taken to be approximately the same
as that for a thick plate, i.e. coxrresponding to a rate of

deformation

(h ~29) % 'V '
/ = - (3.10)

>
"
N}.‘:}



J.1.3 Very Thin Targets, Thomsonm7

"W

Statically it has been found that a hole can be
enlarged syumetrically without bending the plate until its
diameter is between 7 and 10 times the thickness of the
plate. At about this stage the plate always bends out of
its plane, and the material of the tube shaped crater will
then expand under the influence of a tangetial tension equal
Y , the stress perpendicular to the

to the yield stress
Thomson and others conslder

planc of the plate being zero.
this mode of armor penetration, assuming that the displace-
ment configuration is the same as that under static condi-
tions, but taking into account the heating effect. However,
Thomson concluded that the energy dissipation by heating is

very small compared with the energy dissipated by plastic

14



deformation. This has been substantiated by some experimental

work carried out by Krafft49 at the Naval Research Laboratories.

For these conditions the work done by an ogival
projectile in perforation is found to be

2 Y “ T RV
u/=¢R7‘{r+'%(; %J‘} (3.11)

P #

IS

3.1.4 " Very Thin Targets, Zaid and Paulll*

Zaid and Paul's theory considers the target to
be of incompressible material of zero strength. In the
theory it is assumed that the non-intersected part of
the target remains essentially undeformed, as it is cen-
sidered that the plastic waves will not have had sufficient
time to radiate any appreciable distance. The Intersected
portion of the target is assumed to take on the shape of the



projectile's surface. Furthermore, since there can be no

tensile force between the projectile and the petals formed,
contact is maintained only as long as the petal momentum is
incfeasing monotonically, that is, the petals separate from

the projectile, when

(petal momentum) = O

.

§§a(peta1 momentum) < O

In normal impact the motion is axially symmetric

and the velocity of a particle in the plate will be

A
<= 2z gt dZ

where =z is the coordinate of the plate out of its plane,
and Z the distance travelled by the projectile at constant

velocity from its imitial position of perforation.

momenium transferred to the plate 1s then

b

. T r z dr
J 2T
[}

b

[ o
TV = ok odr
= J 21T f’t_ ! \

9

where b 1is the radius of the deformed portion of the target.

is added

112

For a truncated projectile a further term Km V

The axial

(3

to the above expression to allow for the detached mass of the

.12)
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plate which has the same radius r, as the projectile
méplat (flat nose of the truncated projectile). K is
an empirical constant with values between 1 and 2. The
velocity lost by the projectile will then be given by

b

m, AV (9 = Kmsl/w‘-/Zﬂ“ﬂtT\/ j—; rdr(3.13)

r‘h‘\

for AV <<V

The oblique impact of a truncated conical pro-

jectile was counsidered in a similar mannerll3u Perforation
was considered in four stages:
(i) start of the slug formation, petal element
begins to form,
(ii) slug has been completely formed; petals
conform to the conical profile
(1i1i) petal formation countinues, petal separation
and
(iv) petal formation has ended, petal separation

well underway.

The accompanying diagram illustrates those phases.



The decrease in projectile velocity may be

computed from the relation

Momentum transferred to target

AV =
m
P

where AV «< V

)

=

bt

mepla

///iv iii 1 ii |1

3.1.5 Grimminger's Theory117

Grimminger considered that penetration occurred
in two phases. During the first, the rigid projectile
moves through the target material, which behaves like a
compressible perfect fluid, exerting a drag force on the
proiectile. For very high initial projectile Mach numbers
(ratio of velocity to the velocity of plastic deformation
waves) the drag coefficient was assumed to be unity. For

18
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a spherical projectile the resultant equation of moticn is

v s, A Lomdt o,

I, = o1
12, Podp 2 7 /t (3.14)

Assuming that this process continues until the
projectile is slowed to a Mach number of 5, the pemetration
is

L Y
7 [oye = (3015?

P 4
d 3

where c¢ 1s the velocity of plastic deformationr waves.

Subsequent penetration below a Mach number of 5
was assumed to be given by the empirical armor penetration
formula

p_ Ir z
L= LV (3.16)

where K 1is empirically defined as

Ultimate tensile strength of Target Material

Ultimate tensile strength of Copper

with units ft. 1b./ft.> .

The total penetration therefore is

P +  fo v 252 Pp

— -

A~ 3 Fe loge 5% 3 K (3.17)

where the speed ¢ of plastic waves was taken as 1000 ft./sec.

Grimminger considered that the assumption that

19



target melting could be neglected was reasonable, since he
considered the transfer of momentum to be a more rapid pro-
cess than the transfer of heat, and, therefore, the penetra-
tion would be completed before the full effects of heating
would be felt.

8
3.1.6 Bohn and Fuchs' Theory™

Bohn and Fuchs assumed the resistance to projectile
penetration was made up of two parts, a static part

* R*H

and a dynamic part

where H 1is the Brinell Hardness number for the target, R
the radius of the projectile and f a shape factor asso-
ciated with the projectile. This shape factor was taken to
be a function of the angle at which a section of the surface
of the projectile is inclined ftowards the direction of flight,
defined by

[ S @ dA

f = p— (3.18)

where dA 1is the element of the projectile area perpendicular
to the direction of flight, and f the Inclination of that
element to that direction. The following values are given,

for micrometeorites f=1
spheres fw 2/3
pointed projectiles f = 1/3

20
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The total resistance encountercd by the projectile
was then assumed to be

/ - i Yy L YN -
W= m, \/6“ = T R"?) H™ - (é&) V‘} (3.19)

):,

e p

This may be iniegraited to find the expression
for the penetration

IRy _zg:f‘ v
zfv”f—f?—{iay@[1+ ZH j (3.20)

For a spherical projectile

3
m, = g fr 4
so that
- Y
o | F AV 2 H
I LO(Ie/ / +ﬁ ’jf}"' - = i (3.20a,
3f S I+/..’f f_;_v
2 H '
3.1.7 zaid's Theor\119 120

The most recent theory to estimafe penetration
at very high velocity has been postulated by Zaid. He
assumed that the shock waves in the projectile and target
could not wove at high enough velocity to move away from
the projectile-target interface, and therefore the pro-
jectile and target could be regarded as rigid, being

21



separated by a thin layer of waterial encompassed by the shock
zone which

| 5P was assumed to
(N 1 //4’7 be fluid. The
( . / fluid is assumned
\ Rigid // to move radially
( Projectile as the projectile
N d. —d 1 Lk advances eroding
{ Fluid| Zone | h(t
\Ef;;. Zone, : ?k) the target to form
. the crater. TIner-~
!
\ Rigid I } tial expansion of
) Target \ the crater is neg-
\ £3 f lected.

The further
assumptions neceg-
sary to obtain an

equation of motion were (a) the thickness of the fluld zone

is a constant independent of radial position, (b) at radial
distances greater than the projectile radius, the dispelled
particles do not interact with the maierial in the fluid

zone, so that the fluld pressure at the outer radius of the
cylindrical fluid zone is essentially zero, (c) the fluid-zone
thickness is small compared with the penetrated distance, and
to the radius of the projectile, which is assumed to be cylin-
drical.

From these assumptiong, the following equation
of motion is obtained

R R
‘ L :
e - R /0 <oz, 3 =l }
"’"*I,_, )77 " ,“22"‘ ) i [11‘ daror (/}r' & "'%’;’“‘ (F* =+ 3 "é* /) / = (:) (3 21}
Ir F: ( J } a J .
o r
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T s

P7= T

where p 1is the penetration of the projectile, (°) repre-
sents differentiation with respect to time, h 1is the fluid
zone thickness, T, the shear at the projectile-fluid zone
interface, and K an averaging factor which is the product
of two averaging factors, i.e. the averaging factor for the
pressure gradient dP/dr over the height h of the {luid
zohe, and the ratic of pressure in the £luid to that at the
projectile-fluid zone interface. Solution of the equation
depends on assuming relations for the interface shear and the
zone grrowth. The penetration depends strongly on the assump-
tions made, and satisfactory sclutions have so far not been
given. Further details are given in Appendix A.

3.2 Hydrpdynamic

Birkhoff et a1122 suggested that since pressures
generated in high-velocity iwmpact are so much greater than
the shear strengths of the projectile and target, the shear
strengths might be neglected and the projectile and target
treated as invigeid filulds. Under this assumption, the
resigtance to penetration arises entirely from the inertial
forces required to accelerate the target material. Theories
based on this assumption, therefore, have been termed hydro-
dynamic theories.

The most detailed solution is that of Bjork128
who integrated the two-dimensional equations of motion of
a compressible hwiscld £luid, together with an erntronic
equaticon of state of the solid material, using numerical
methods. Analytical solutions of the nmonlinear egquations
could not be obtained.

723



Solutions may be obtained more simply if the
additional assumption is made that the material is incom-
pressible. 0pik121 used a simplified theory of this type,
including a correction term for target strength.

Further simplifications arise if only the longi-
tudinal portion of the motion 1s consideved, and the pvo-
jectile is regarded as a segment of a fluid jet impinging
on a4 fluid target, e.g. Birkhoff et a1122 and Pack et a11235
For these theories, motion continues only as long as the
jet continues to impinge on the targel:, and inertial expan-
sion of the target after dissipation of the jet 1s neglected.
One would expect, therefore, that these theories would give
only approximate agreement for very high velocity prejectiles
of relatively great length compared with diameter, e.g.
shaped charge jets or slender rods. Theories of this type
have been used nevertheless to estimate penetration by
short projectiles.

3.2.1 Bjork's Theory128

In this approach to cratering of a target by a
high-velocity projectile, the behavior of the material is
described by an entropic equation of state that relates the
internal energy, pressure, and specific velume, but neglects
the shear strength of the matevial. The problem solved by
Bjork was for a cylindrical projectile impacting normally
on a semi~-infinite target. The equations of motion are

r '.' + f‘\-/—\ f,;"ﬁr.l ;; + er"ar( P = 0
{290

DJO i 7 f/r..:r-!ﬁ PP div vV =0
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P= flpe)

where Vv is the fluid velocity vector, P the pressure,

e the Internal emergy, P the density of both the target
and projectile, and t the time measured from the time of
initial contact. The equations specify an initial value
problem for which the initial conditions are ¢t = 0, P = 0,
e = 0 everywhere, the initial velocity in the target every-
where zero, and the initial velocity V of the projectile
norimal to the target surface.

Equations of state of solids under hydrodynamic
conditions are available from work at Los Alamoz and else-

137-151
for pressures up to several megabars, aud

where
from the Fermi-Thomas~-Dirac theory for much higher pres-
surcs. A numerical solution was obtained by means of a
high speed digital computer. The machine representation

is fairly rough, since a total space mesh of 25 by 25 cells
was used. However, the main features of penetration are
displayed quite clearly.

Bjork's theoretical results are fitted approxi-
mately by

0
- kV?© (3.23)

Vs
where d = (4R L)"® (3.24)

is considered as the representative dimension of the projectile.



3.2,2  Opik's ’L‘heorylzl’lz4

The firxst theory put foiward on cratering by
metecroids was given by Opik in 1936. In this theory, an
allowance is made for the yield strength of the target
material.

v M L=2R
. ¥y
VAR N _
| ; / |
P by i Y
I Y. % ce h
Y ‘ N B S A
b p -,

I
A cylindrical projectile (L/d = 1) of radius R , demsity e_ ,
mass m_ , and velocity V impacts a semi-infinite target of
density P - The projectile is considered to be incompres-
sible, and its shape to be defined after time t by p , the

penetration below the original surface;, and r the radius of
the crater occupied by the pxocjectile, where

vw Rip, = 2wt p-F) P (3.25)

Here p 1is the depth of the center of gravity of the deformed

projoattle bal~w the crlglual Susface. The momentum equation

then gives

A (3.26)
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where P 1is the pressure at the base of the crater which
resists penetration. Applying Bernoulli's therem

P =t p r +k (3.27)

where k 1s the strength factor of the target, i.e. it is
the minimum pressure for penetration to occur. Similarly
for the radial expansion,

Pt p F ek (3.28)

Opik relates P and P' by applying Bernoulli's
equation in the frame of reference moving with velocity p ,

’ ) bR
P = P+ fpr (3.29)

Since the flow in this frame of reference is not steady,
this procedure can at best be only a crude approximation.

The differential equation resulting from the
elimination of the pressure terms from equations 3.25
to 3.29 1s solved subject to the imitial conditions,
t =0, r=R, p=20O, E = V ., Derails of the integration
are given in Appendix B.

3.2.3 Shaped Charge Jet Penetrstion

Several investigators (Birkhoff et al*zz,

25, Pack et a1123) have propused similar incompres:

Cook™’
sible theories to explain the pemetration produced by a

shaped-charge jet. However, cylindrical or shperical pro-
Toof P bava aamatimea altan haen cronsiderad as short jeta

In this theory both the jet and target material are regarded



as incompressible fluids. The flow, when viewed from a

frame of reference moving with the velocity of the jet-target
interface v , is considered to be steady. Applying Bernoulli's

equation along the axis of symmetry, the stagnation pressure
1s given by

F = Y [ v = 5,' Sr (1/_‘,)" (3.30)

Originally, the strength of the material was
neglected in comparison with the high pressures produced
by the impacting jet. Rostokeflz4 included the target
strength in this equation by including a factor k

Lpte ko=t p(Vev) (3.31)

where k is the target's dvnamic strength. Einhp1hnran124
writes this in the form

|
k= 35 P Y% (3.32)
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where v_ is the minimum velocity of the jet that will
just cause a crater to form in the target.

For a jet moving at comnstant velocity V and
of density pp , and finite length L , most of the pene-
tration is considered to take place during the steady part
of the motion, so that penetration p 1is approximately

P - / v.dt (3.33)

where ¢t is the total time elapsed from the time that
the jet fixst struck the target,

Hence

“*/V)(-f/.’\
)E ] /f}:{// Vf’)l( ( f/]___ 3.36)

For a jet of high velocity, such that V>>v,

o Wil (3.35)

™I~
|
i
S

which wouid have been obtaingd directly from equation 3.30,
which disregards the strength oi the tdipec.
123

Pacle e al made a correction for the effect

of strength by considering the penetration as a series of



. . < 2 e
powers of the nondimensional parametex i/PpV , the first
approximation being

— s VRN
T Ay

/Ao N, (3.36)

)0

—Z‘— =

where Y 1s the dynamic yield stress of the target, and ay
is an empirical function of the densities of the jet and

of the terget. For/armor, the correction term alY/PpVi was
found to be as highjas 0.3.

As has bepn pointed out earlier, this theory does
not consider the inprtial expansion of the crater after the

jet ceases to impinﬁe ou the targetiz31n thelr experiments
with shaped charge jets, Pack et al found that the shape
at the bottom of the crater was roughly hemispherical with
radius equal to that of the hole made by the jet. They
reasoned that if the previous pressure which suddenly ceased
to apply arfter the jet had been used up,was uniformly dis-
ributed over the bottom of the hole, the latter expanding
freely adopted a hemispherical shape. Pack et al therefore
modified the expression for the penetration to

r S ' Bl Y’/) + -~ ‘P
L SE( ) aw

where r 1s the radius of the hole made by the jet.
125

Cook has extended the theory to estimate the
radius of the hole made by the jet. He assumed that the
iwipulse Lapactad Lo U Ldegee is woed up in the flacerad

cxpansion of the hole, i.e.

T p. (l/-y)lz’%:‘at‘ = (7 A Y N at (3.38)
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where R 1is the radius of the jet, and r that of the
crater. The final crogs-sectional area will be given when

¥=0, i.e.
/et
re R (V) S5

Eliminating v by means of Eq. (3.30), the radius of the
hole is

- /__7”0* fr , R (3.39)
Jf o+ Y 2k

-

3.3 Thermal Penetration

In the thermal penetration theories that have
been formulated, penetration is assumed to take place by
melting or vaporization of the target by the projectile
as its energy 1is disgsipated.

3.3.1 VWhipple's Theogzlzg

Whipple assumes that the crater formed by melting
is a right-circular cone for which the total apex angle is
60°. Assuming that all of the initial kinetic enexgy is
converted into heat, the depth of penetration is simply

Y] 2 X
" = e Ko st -
2 [ @

where Q 1s the heat required to remove a unit mass of
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the target material, here taken to be the latent heat to

fusion. For an equivalent spherical projectile mp =-%:Pp dg
so that
T |
£, ( Le X )/3
ao Tl A @ (3.40a)

3.3.2 Langton's Theory13Q

Langton's theory is similar to that given by Whipple
since in this case also, the energy of the projectilc is
assumed to be converted into heat. Four possible cases are
considered,

(a) The projectile velocity is such that neither the
projectile nox target melt

(b) The projectile is melted but the target is not
(¢) The target is melted bui: the projectile is not

(d) Both projccrile and target melt

Penefration would only occur for cases (c) and (d).
A hemispherical crater is assumed to be formed. Case (d)
results in the equation

' 3 AT &

5 g, oo 3T @y + M Op (3.41)

whoeren Ql: ~ed 0)) il bdie Mcub pEL UL Wdos vl Lad gl daud
projectile material respectively, necessary to raise the

tewperature oi the material to the melting point, and to
supply the latent heat of fusion  Thus, the penctration is
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(3.42)

For an equivalent spherical projectile this becomes

Q)% .
.L e — b .5 L1 42
ji B Q ) / 2 Q/ ( 2)

e

3.3.3  Grow's Theory '

A similar theory has been developed by Grow for
the energy lost by a projectile in pexrforating a tchin
target. The projectile was assumed not to melt or deform,
but a hole equal in diameter to the projectile was assumed
to be formed in the targer by melting. Denoting the exit
velocity by V, o the resulting expression is

2 (V b 14") EI "/._, T = ., (3.43)
2 "Mp A St t /
where T dis the target thickness and R the projectile
radius. Here Q. is taken to be the encrgy per unit mass
required to raise the temperature of the target to thc
melting point and supply the lateat heat of fusion, but
Qp is taken to be the cneigy per unit mass necessary to
raise the projeciLile watellal wu wwi gl fowpar-oere the
projectile not being assumed to melt. Grow further assumed
that the last tewrm zould be approximare by k¥ , varying
from zero for the velocity at which negligible deformaiion

nrenrrad to a maximum O for the velocity at which the
&)
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projectile shatters., !

The theory may be readily extended to cratering
in thick targets where no perforation occurs and the exit
velocity is zero. The penetration will then equal T , i.e.

Me ()_/" &

-t T 3,44
Poeme R 2@y QR+ (3.44)

For an equivalent spherical projectile, this becomes

/! 2 @,o
P L 2/ L “-') 3.4
IR R A S Qe . (3. 44a)

3.3.4 Lavrent‘yev'S'Theory132

Lavrent'yev considers two cases of thermal
penetration, a rod target and a hemispherical plate target,
both being of incompressible material., The analysis is
idealized by considering the medii to be made up of a set
of infinitesimally~thin layers which impact inelastically,
and for which the energy dissipation distribution is evaluated.
If the density of this distribution is greatexr than the amount
required to vaporize the material, a crater will be formed.

>!L - e Z-"l.. e

The first case considers a plate, depth 1. , of
initial velocity V , impacting upon a rod of the same
materlial and cross-section. If a total length 2z of material

1
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ig set in motion at time ¢t , the conservation of

momentum gives
zodv +vdz = 0O (3.45)

which on integration for the initial condition z =1 ,
v =V, yields

L
v = V

The kinetic energy is given by

1 2
E = 7=V

or differentiating
dE = #vidz +zvdv
which by Eq. (3.45) becomes

AE = ~ 3_" vidz = "‘z_’ Vz(ﬁ‘)la‘z:

Assuming that all the kinetic energy is converted into
heat, itsdistribution along the rod will be

dE 2 (L)
-a'l:=1LV(z.

If the heat density neceszary to vapourise the material
is 0 , then a length

! S
==(z1" &, (3.46)
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will be vapourised, this length including the length
of the projectile. A similar analysis was given assuming
spherical symmetry for a hemispherical plate projectile.

3.4 Explosive Analogy

Scveral investigators, Baldwin, Rinehartgj and
133,134

Stanyukovitch hav

()

proposed that crater formation due

to high velocity impact is similar to crater formation by

high explosives. Allisonll5 has given a review of this
subject, illustrating the similarity of craters formed in

lead targets by a projectile with a kinetic energy of 9.3 x 103
Joules, and by a tetryl charge with an explosive energy of

63 x 103 Joules.

3.4.1 _Stanyukovitch's Theory' -’34

Stanyukovitch considers the phenomenon of
cratering to be similar for boith the high velocity impact
and an explosion. The pressure on the front of the shock
wave caused by'either the explosion or impact, drops sharply
with increasing distance from the point of initiatiomn,; and
the mechanism of cratering changes firom vaporization, to
melting and pulverization of the material This ceases
when the energy density at the shock front becomes less
than a certain value. lowever, the evaporated and finely
iragmented material expands, and has an cffec: similar to
an explosion.

The equivalent mass of explosive is determined
by the relation

m, = - (3.47)




where m is the mass of the equivalient explosive material,
n tho explosive efficiency, and { the energy/unit mas
of explosive.

The approach used by Stanyukovitch for estimating
the radius of the crater is empirical. See Appendix C
for a more detailed account of his analysis.
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SECTION IV

EMPIRICAL RELATIONS

Due to the lack of adequate thecries, many
attempts have been made to correlate experimental cratering
data with the aid of empirical expressions. Many of these
correlations have been based on simple functions of inde-
pendent quantities, such as

R
r;:: ka V
where m_ , and V are the independent variables projec-
tile mass and velocity, respectively.

Other cori‘elations have been attempted using
nonrdimensional parameters, so that the constants to be
fitted empirically are non-dimensional

More refined correlaticn schemes have been
evolved by assuming some type of resistance law based on
the physical phenomena cousidered to be dominant. The .
resultant equations contain non-dimensional constants which
are then fitted to the data.

In order to gaiﬁ;befépective, the low velocity
armor penetration work is included first in the following
discussion. After presenting the high velocity correlation
equations, a general discu; "~ 'n of dimensional analysis of
the cratering problem is given, and the important parameters
bpased on elementary static material properties are discussed.
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4.1 Early Armor Penetration Work

The study of ballistic penetration is generally
considered to have begun with the work of the English
ballistician Robin5109(1742) whose ideas were elaborated
a few years later by Eulerlo9 ; both in theory and experi-
ment,

In armor penetration, the object has heen to
estimate the limiting velocity, i.e. the minimum velocity of
a projectile necessary to perforate the target completely.
This was done by assuming a law of penetration based on the
physical phenomena assumed to predominate, solving the
ensulug equation, and fitting the resulting expression to
experiment2l data with suitable constamts. Most of the
laws postulated are variaticns of the form

vV = Kk mFx T" R° (4.1)

L.

where VL is the limiting perforation velocity,

T the thickness of the target

mp the weight of the projectile

R the radius of the projectile
and k a constant.

©
In the theory postulated by R,obi,nslo'J the resis-
tance to penetration was taken to be comnstani, hence
B kN

Fom V= kTR

leading to

o m (4.2)
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Euler evaluated k from experiments on elm wood

and earth.
05

Workers at the Naval Research Laboratoryl
modified this equation in order to allow for free surface
effects. The idea invclved is that the material near the
free surface is more easily pushed aside than material near
the plate center line. This is taken into account by sub-
tracting from the plate thickness an amount proportional
to R . Thus,

e k R*(T-YR) "™
\/L = [ MP '—__/ (4"3)

Poncelot (1829)105’109 published a theory which
combined the Euler-Robins type resisting force with a force
proportional to the square of the velocity. This was pro-
posed for applicaticn to materials weak enough so that their
inertial resistance to motion is significant. The constant
force k 1is interpreted as the pressure necessary to break
the cohesion of the target. Thus, the resistance is ex-
pressed by

X

o= w RS (ks s op V)

which leads to the differential equation

IV o o~ v 2,
mp VT = -m(k v+ z £ /)R

(1 )3

where p 1s the distance penetrated infto the target. The
integration of this equation yields



. o P( l . 7 n'j.) R.\-l..
R A S A (« Rt ) ] (h.4)
a is empirically found to be not far from 1/2.
105

In 1945 Roberson and Irwin worked out a similar
expression in which account was taken of the target cohesive
resistance, the inertial resistance, and the free-surface

effects. They presented an equation in the form

%l= K{i[&¢&<1ﬂﬁw7-ﬁ]-[g+c;mw( Eﬁﬂizj

o X M. m
X ’_) /7

2
(4.5)

They also took into account the increase of projectile cross-
sectional area due to projectile deformatilon in the high-velo-
city range. The value of the area was obtained by measuring
the diameter of the projectile after deformation. They

found that the radius of the projectile could be expressed
cmpirically as

V- 2500

, .
R = R, ) + kL2 } - (4.6)

for impact velocities greater thanm 2,500 {t/sec.

4
Early experimental worklo' showed that the force
required to perforate a plate varied approximately as the
plate thickness if the diameter is constant, and as the

Afamataz AF the thiclknace ~F #h Toen 10

LR AT a s Lk SRR $a1rd ey
. PN e w

thesc assumptions, the force is proportional to TR, con-
sequently, the work done to pexforate the plate is proportional

Lo )k Dl
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to TzR . Hence

y o= k TR (4.7)

[ e,
2dl I3

Even over a restricted velocity range it was found that

there is a variation in the proportionality constantz
10

For cast-iron shot on wrought iron plate, Fairbaimi~ (1861)
derived
T R™
- & ¢3 ———
v, = 1840 N (4.8)

where T and R are in inches, mp in pounds and vy in
ft/sec.

On the assumption that in high velocity penetra-
tion the force required is propestional to TR/V, Tresidder
obtained for the perforation of wrought iron

104

___1_. Y.
v - k LSR®
Lo mp'3
,J

”~~
Rt
2

Hm o

where log k = 3.0473, for T and R inches, m in
pounds, and VL in ft/sec. The Krupps104 expression for
wrought irom is

TMs R (4.10)

~r

where log k = 3.1397., while De Marre™™" postulated

0-6s” 0 Vi
vooek T R (4.11)

[N Pa 0s
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where log k = 3.1874, for the same material.

A later expression adopted by Kruppslo4 for hard
faced plates is

TR™ '
VL = k— s (4012)
e
where log k = 3.3271. And for ordinary steel De M’arrelo4
modified his wrought iron expression to
.T_oa7 Ro.?f
V. = k— e (4.13)
Mp

where log k = 3.23522. 1In order to correlate the resistance
of various targets of the same thickness, the "De Marre
coefficlent" was adopted. This is the ratio between the vel-
ocity calculated from the limiting velocity expression for
rdinary steel.

About 1930, Robert Kentlo5 put into use a slightly

modified version of the De Marre expression. This relation
is
L7 34
T 74 R kS

vo=k TR (4.14)
MP’ 4

and has been used extensively for armor perforation and pene-

\ 105
tration work. At about the same time, L.T.E. Thompson ) at
Dahlgren introduced the expression

. . /T R . o) AR
TRy ) (4.15)
\ ﬂ),.w
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where g is the angle of obliquity of the projectile's
path to the plate normal. This expressiocn has been used
extenslvely by the Naval authorities for the design of
ship armor plating.

The above expressions are all applicable to
plate penetration where tha projectile is essentially intact
after penetration, but are of no use at higher velocities

where the projectile disintegrates.

4.2 High Velocity Penetration Work

In order to correlate the experimental data on
penetration depths and volumes of craters formed in high-
velocity impact, numerous empirical expressions have been
proposed. Some of the most widely used expressions are
listed in Table III, together with conditions for which
the constants were evaluated.

One of the earliest and most frequently used
assumptions was put forward by Rinehart and Pearscn °
They assumed that the crater volume was proportional to
the projectile kinetic energy. If, in additiom, it is
assumed that the crater shape does not change with velocity,
then taking the crateir volume proportional to the projectile
kinetic energy leads to an expression of the form

Y2

P ; s %]
T = kg 4 (4.16)
where p 18 the depth of penctration, d the diameter of

the projectile, mp the projectile mass, and V the pro-

jectile velocity.
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On the other hand Pugh and Eichelberger14 found
that the crater depth was proportional to the projectile
momentum, leading to an expression of the form

o= ok Vo (4.17)

Several other equations have been put forward. The

De Marre formula for plates has been adapted for use with
semi-infinite targets at low velocities of impact. If the
plate thickness is regarded to be the pemetration depth
corresponding to the limiting velocity, the following exprcs-
sion results

)o 0‘7 K

=k opn oV (4.18)
Partridge et alUb proposed that the crater volume for lead
to lead impact could be represented by the equation

VooV, z;"; - exp (-kKE)] (4.19)
J

where V, is the crater volume, V_ the volume of the pro-

cctile, and E the projectile kinetic energy.

tade

All the equations as they have been written above
require a different empirical constant for different projec-
tile-target material combinations. The next step, therefore,
was to relate the constants to material properties in order
to obtain a more general correlation. Huth68 in examining
impact data for projectiles and targets of similar wmaterial
proposed a possible dimensionless relationshlip of the form

- " N \/ b \'," (l [0
Tk () @) 0&
- [. \ e N/
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where c. was the somnic veloeity in thé target, Qt
the energy necessary to melt or vaporize a unit mass of
the target material, and ¥ the thermal diffusivity. He
found that his data correlated best on the basis of V/Et
where ¢_ 1s the longitudinal bar velocity of sound.

The velocity range in which the tests were carried out

was 0.1< (V/Et) < 1.0 . In this range the terms Vz/Qt

‘and Vd4d/K were found to be insignificant. Xe also con-

cluded that the crater volume was not precisely propor-
tional to either the emergy or the momentum of the pro-
jectile.

On the other hand van Valkenburg et a16' found
that the volume-energy relation could be corrélated for
nonalley metals using P, and c, , that is

A 1
v k

= = Ko 4.20
& Zo fo (4 )

The equation reduces, on assuming

. ok L

. =
<+

it

wheire D 1s the diameter of the mouth of crater, which
in this case is taken to bz a section of a sphere, to

3k, k\B [ e ),/3( V) . ! —
s [ 2T — = 4.21
P= ( 2 ) A (/} el 3~ k(X (4.21)

\LL Iy
for V s <,

w4

Van Valk

to the top of the projectile material remalning 1n the crater.

nburg et al measured L..r crater dimensions



The paramecter (V/c¢) has subsequently been used
quite extensively, various experimenters finding different
28 .

added
a term consisting of the ratio of projectile to target

exponents to fit their own data. Charters et al

density to account for a variety of projectile materials
"inding that data in lead and copper targets were best

fitted by
/ﬁ,)%( V’)‘/s
r o S Jr —
T = 228 (ﬁ{. &y (4£.22)

Several other groups used this expression or expressions
based on these parameters, e.g. at Poulter laboratories
and CARDE.

]
Partridge et a17‘ and Collins et al35 on the

other hand noted that their data seemed to be best fitted
by the first power of velocity. The Langley investigators
theorized that penetration might be proportional to the
momentum per unit presented area of the pxojectile,

p o=k (,o,, viL o=k ) (4.23)

where k, is Lhe momentum per unit area below which no per-
manent deformation of the target was observed. They further
found that the proportionality constant was a function of the
projectile density and modulus of elasticity of the target,
finding that their data could be fitted by the expression

[}

_Je9.6 (&VL - “) - (4.24)
ﬁ’o.ne( Gt + 2.8 ,(,06)0'/5’
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Apart from Colliins and Kinard's expression,
none of those mentioned so far have included a term which
allows for elther the target or projectile strength.

1
Pugh and Eic:helberger‘"4 first introduced the
effect of target strength through the use ¢f the Brinell
Herdness number. They found thai the onstant in the ex-

pression

.
P = i<mf,/3V

l{)_’

could be reduced for various target materials by the
Brinell Hardness number and the density, and found that
experimental data for several materials could be corre-
lated by

I3 VI"S
m
P = 254 Pl/- /4. 4.25
o Ve H (4.25)
Je

Experimenters at the Ballistic Research Laboxr-
atoryb subsequently noted that the energy per unit volume
tended to become constant as the velecity increased, and
found that this constant could be correlated roughly with
Brinell Hardness number. Assuming a constant crater shape,
this leads to an expression of the form

3
ek _’”L__'\/i_ (4.26)
H,

A similar expression is also in use at the Naval Research
Laborat:ory.,52

Engel40 introcduced the yield strength as a
correction term to the equation which assumes penetration

I C)



propeortional to the projectile velority. The equation was
of the form

p= ko V- ok (4.27)

the yield being included in the last term. K1 was developed
by considering the movement of a cylindrical core of material
through the target plate undei the area of contact involved
during the collision. This cylinder is restrained laterally,
but is assumed to be free to move in the direction of the
impact for the time taken by a stress wave to make a vound trip
through the projectile, i.e. 2d/ec_ . For an elastic colli~
sion, this cylindrical core within the target will traverse

a depth

2d C’o.f_j': -—\l/-:/

GRotef P

cppp and C:Pe being the zcoustic impedances of the pro-
jectile and target materials, respectively. Experimental
data for a number of target materials impacted by mercury
and water drops indicated the need for a correction factor

of 3.6. Thus, the equation is

A P R A (4.28)

C+ f’+ + (/5 ]np. L’P ("

The intercept of this equation with the velocity
axis represents the impact speed below which no indentation
would occur. This speed appeared to be a function of the
target strength. Engel found that it could be accounted for
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by the dimensionless product
k (*‘&w\ ( -—j—o'-)\uz' e )/ Ca) L -
VA y-vAl G P fr/ et pn
r ¥K; ¢ [e

yielding the final equation

X
~

Y
P o_ 72 cp P ( \./) _ 13¢.8 _Yi___'%; (4.29)
A S fe v S Cr QiR

where ké = 136.8 and Y, is the dynsulc yield stremgth

of the target. Note that the targets used for the evaluation
of kl and k2 had thicknesscs of between 1.5 times and 5
times the diameter of the impinging projectile, the back of
the target being unsupported.

4.3 Dimensional Analysis

In carrying out a dimensional amalysis of the
high-velocity cratering problem, the main difficulty lies in
distinguishing the main features of the pheunomena, and defining
appropriate physical quantities describing the behavior of the
materials involved.

The geometric quantities of importaence are:

d relevant dimension of the projectile

P relevant dimension of the crater

V  projectile velocity relative Lo the target

@  angle of incidence of projectile on the
target surface

T target thickness, or other relevant target
dimencion.
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Where projectiles of different shapes are involved,
the relevant projectile dimension is not obvlous. Several
investigators have used different systems. Shaped charge jet
penetration has been correlated on the basis of the length of
the jet. Suwumers and Charter327 similarly used the length
of the projectile in the direction of initial projectile
motion. Others have in effect used the cube root of the

mass, to define an equivalent diameter

IR
s
fe

Where spheres and cylinders only are compared,

de =

(4.30)

the diameter of an equivalent sphere of mass equal to that
of the cylinder has sometimes been used i.e.

de = (—— «"”—)Vj (4.31)

Where d 1s the cylinder diameter and L its

1 L26

length. BRBjor used arbitrarily

do = (4%L) & (4.32)

to compare hie theory for cylindrical projectiles with experi-

ments conducted with spherical projectiles. '

As long as the crater shape remains identical as
other parsmeters are varied, the crater size may be repre-
sented by a single parameter  Throughout the range explored
experimentally, however, the crater shape varies from a cylin-
drical cavity of the same diameter as the projectile at very
low velocities, to an 2lmost hemispherical crater at the

1
o



il

TR
L

i

. R

Zaaltoe

highest velocities examined. Of prime impcrtance in
practice is the penetration, or depth of crater, and

this parameter has been used most in empirical coxrelations
of cratering in thick targets. Othexr parameters of interest
are the crater volume, and diameter of the cratexr in the
plane of the original surface.

Quantities describing the relevant matexrial
properties are not so straightforward. Cratering involves
shock compression of the materials to very high pressures,
possibly accompanied by melting or vaporization. Subsequent
motion involves both extremely high stresses and strain
rates. The final phase of the motion has been shown to
involve elastic springback of the crateru7

Parameters describing the behavior of solids under
very high stresses and strain rates have not been adequately
formulated. Equations of state of solids under extremely
high pressures have received considerable attention recently.

137-151 and clse-

From the work of the group at Los Alamos
where, it appears that the shock Hugoniot may be described
adequately by only two parameters in addition to the density
at zero pressure, For a number of metals, one parameter co-
incides with the adiabatic sound speed. The physical inter-
pretation of the other parameter is not clear, but it appears

to be related to the change of compressibility with pressure.

The parameters necessary to define the strength of
the material are also not clear. The conventicnal engineer-
ing stress-strain properties are not related in a simple way
to the stress-strain properties of the material under complex
combined stresses at high strain rates. Nevertheless, draw-
ing on properties which are defined under static conditioms,
one has the relevant elastic modulus G and yield stress Y .



In addition there would be quantities describing the strain
hardening and strain rate behavior.

One quantity which has been widely measured, but
which 1s difficult to relate to othexr physical properties,
is the indentation hardness. Its ease of measurement to-
gether with the fact that the process of pushing a ball or
pyramid into a solid surface is suggestive of the cratering
process has nevertheless led to its use in empirical expres-
sions. The Brinell Hardness number H 1is strictly defined
ag the load used divided by the surface avea of the indenta-
tion produced by a spherical stylus, and thus has dimensions
of a stress, with units kilograms per square millimeter.

Not all of these elementary material properties
are independent. For example, the sound speed is related
to the density and relevant elastic modulus:

There appears to be a relation between Brinell

Hardness and yield stress., 1In Fig 4.1 Brinesl} Hardness ha

4}

been plotted versus yield stress for a number of representa-
tive target materials, and it is seen that Brinell Hardness

is roughly proportional to yield stress, at least within

the scatter usually associated with empirical correlations.

Using the independent elementary material properties
# , ¢, and H together with the geometric quantities allows
the following dimensionless paramecters to be formed.

P ,
C Penetration ratio
B ! fr . .
3= (7?) Density ratio
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Moo= é¥9 Mach number

B = (Zilf_) Best number

The last parameter appears frequently in one
or another of its equivalent forms in both the empirical and
theoretical cratering equations, and it appears appropriate
to give it a name. Following a suggestion of Dxr. Johm S.
Rinehart, it is proposed here to call this the Best number,
after the French ballistician Best. Between 1835 and 1845
the French carried out a serles of experiments to measure
the velocity of fragments by putting hollow cannon balls
loaded with powder into a well and detonating them. At
the bottom of the well was a 1 1/2 foot layer of damp clay.
They measured the volume of the holes made in the clay by
the fragments. In order to calibrate the clay, they fired
a pistol into the clay alongside the fragment hole. Knowing
the velocity of the pistol kall, and its mass, and the wvolume
of the hole produced together with the fragment mass and its
hole volume, the fragment velocity could be calculated by
assuming that the cratering efficiency remained constant.

The cratering efficiency is detined as the crater
volume divided by the kinetic energy of the projectile. It

has been noted in some experiments that the cratering effi-
ciency is proportional to target hardness. Under this

assumption

= k H

m s
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or rearranging, by noting that the crater volume is proportional
to the cube of a linear dimension of the cratexr if the crater
shape remains constant,

3 .
__F = W H
o ods V? k F
£ i3 k (Le "‘{: "
A H

Thus, it appears partieularly apt to apply the

name Best number to the parameter (PVZ)O
/

I1f melting or vaporization are considered important,
then the relevant Guantity will be the energy to melt or
vaporize unit mass of material. This will be related to
specific and latent heat. Although melting or vaporization
are a result of shock heating, and may be considered to
occur at some time during the high-pressure phase of the
motion, the material is finally ejected at ambient (zero)
pressure, and thus the energy carried away by mclted or
vaporized material may be described by zero pressure data
on specific and latent heats.

If the energy necessary to sublimate or melt unit
mass of material is denoted by Q , an additional non-dimen-

sional parameter may be formed, i.e.

2

(éé) Thermal parameter

1t is not possible at this time to form other
dimensionless parameters based on compressibility, strain
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hardening, or strain rate effects, since suitable material
properties have not been adequately defined.

Examining the various empirical and theoretical
equations, it may be seen that the equations which are
dimensionally correct can be reduced to relations between
the dimensionless parvameters presented above.

it is evideni that the density ratio (pp/pt) and
Mach number (V/ct) have been used in numerous empirical

By noting that

3
Mp = k Lfr el

the expressions used at BRL and NRL Eq. (4"26) may be
reduced to

K

7 PeNE ) s Vi Y )
P e

thus involving the Best number, while Pugh and Eichelberger's
expression, Eq. (4.25), 1is very nearly equivalent to

Lok f) ’_-ff“;_‘fi)% (4.34)
d (/% ( H
except {or the exponent in Brinell Hardness.

The expression used by Engel4o, Eq. (4.29), in-

volves a variation of the RBest number. It may be written

| . vk [ Y
ik «ro (:) B k('}%)z (.f;; :[)

S (4.35)
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In Collins and Kinard'sSJ expression, Egq. (4.24)

k, (VL - k. ) (4.36)
4
/:',o 0.173( @* " k“)o 8

)j:

the constants are evidently not dimensionless. Terms of the
form

are involved.

118

By rewriting Bohn and Fuchs' theoretical expression,

Eq. (3.21), slightly, it may be seen that they also use the Best

number,
[r———
, / /Y
ﬁzk(ﬁj Log (/+/<2/’°*-/ . k, Y,
o "\ Sy * M / L jﬂf:;i1
+ Kk, e
(4.37)

It will be remembered that shaped charge jet pene-~
tration results, Eq. (3.36) were extensively correlated with
the use of the Best number, i.e.

3
e (2 VZ{ | - T‘TT‘?;f—:lf (4.38)
L Fe o . [ff/ ({%if/j)
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While no empirical fits have been previously
attempted using thermal quantities, the thermal pcnetration
theories {Section 3.3) all involve only the parameters

#) (&) (&)

4.4 Comparison of Theories and Empirical Expressions on
the Basis of Resistance to Penetration

Some of the penetration theories ana empirical
expressions were devised by either deducing or assuming the
dependence of the force resisting penetration on the physical
parameters, and solving the resultant equation of motion

a r.|3 S I = - olp
7 £l vl Fodlp (4.38)

where F 1s the resistance force.

It is very interesting to compare these theories
and empirical expressions on the basis of the resistance to
penetration which they implicitly assume. TFor those empiri-
cal expressions which were not derived by assuming the form
of the expression for the resistance, F may be obtained
simply by differentiating the expression for penetration.

4,4.1 Resistance Independent of Velocity

~ e s , . - " s . . v .. v . . -
Lo Lae reszrolance 1s asdwkcu v vd luvaepoeildeul vl

velecity, and simply dependent on the presented area of the
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projectile,
% P : %
F= kod T= KV (4.39)

which is equivalent to the Euler-Robins penetration law,
Eq. (4.2). Adding a constant to allow for free surface
effects yields the NRL expression, Eq. (4.3).

FeKpY K 60)

If free surface effects are taken into account
by assuming that the resistance depends on the depth of
penctration,

F=kpd 1= KpV (4.41)

which is equivalent to the expression introduced by Fairbairn,
Eq. (4.8). Assuming a stronger dependence of resistance on
depth of penetration

P Yy s
Fek.pt Z KpY (4.42)

which is the expression proposad by Rinehari, Eq. {4.16),
and which is in use at the Naval Research Laboratory and the
Ballistics Research Laboratory, Eq. {(4.26). A slight varia-

tion yields
o 5 P
F= x 7 T K £ (4.43)

which may be recognized as the expression introduced by
Charters, Eq. (%4.22)
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4.4.2 Resistance Dependent on Velocity

If the resistance is assumed to be directly
proportional to velocity,

P
Fekdy i KpeV (4.44)

An expression of this type, with the addition of a constant

to allow for a minimum velocity to produce finite penetration

has been used by Kinard and Coliinsg, Eq. (4.24), and by

Engel, Eq. (4.28). By allowing for am increase of rasistance

with penetration depth

¥ LAY )
F= kp'v EE:KJDP3V (4.45)

which 1s the expression proposed by Pugh and Eichelberger,
Eq. (4.17).

Expressions in effect assuming an inverse depen-
dence on velocity are the Tresidder equation, Bq. (4.9).

p.d

r a, 3/}- X
Fe k = T Kp V¥V (4.46)

and the DeMarre expression, Eq. (4.13).

P* £ .p o VA
F=k 757 o( r
r

4.47)

G

It may be noted that all the expressions In this
subsection may alsc be derived by assuming resistance inde-
pendent of velocity, but dependent on some power of the

Yhagqm 35S mam ——1 a . " . .
penetration ,1_,.\:‘_9._!..: Therg FMIinood and Sulliiun auu LuUper s



expressions also imply
F=k 7 = Kfr v (4.48)

Pugh and Eichelberger's expression implies

P _!: - i A ',3 / '/3 ’
F= K73 0' AT A /P v (4.49)
d” pe
Tresidder's equation yields
5 oY P _ Yy LS -
F o= k. (}D{" 6‘ It)) 3 ,‘_’{“‘ = K f)(, V (4\,.}‘0)
and the DeMarrc expression yields
Z i P 1y +h
F= k (ol:”a) a ;1_ = K fp V (4.,5].)

4.4,3 Resistance Dependent on Inertia

If the resistance is assumed to be proportional
to the inertia forces exerted by the target, the resistance
force may be written

2 PN
Fo= k d7p ¥ (4.52)

In this case integration ol the equation of wuilon

!?D cfj V. dv = - k (sz’{ Vl.‘ C’*}) ' (4.,53)
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leads to the expression

‘ .

]
ol

=k fgﬁ lage Vo o+ k (4.54)

which is the form of expression used by Grimminger, Ey. (3.17).
If the resistance is assumed to be proportional to an inertia

term, and a term independent of velocity to allow for material
E strength, the resistance becomes
l"q

Fe kd (ki * pe v*) (4.55)

T

This is exactly the type of resistance term found
in the armor penetration theories of Bethe, and Thomson,

R

(Section 3.1), who derived their results by solving the
) dynamic elastic-plastic equations of moticn of the target.
4 Their resistance expressions are of the foxm

] Foe kod (kY + pve) (4.56)

i See Eq. {3.7), Eq. (3.9) and Eq. (3.11). Substituting the
more convenient Brinell hardness for the yield strength,
since these have been shown to be roughly proportional, the
equation of motion becomes

] P Z I Ak H v g ) dp (4.57)

ﬂ When integrated this yields the egquation

. , V'
T T’ZT —f:/ LOf'e{/ + ;’(— (PH,r )} (4.58)



Bohn and Fuchgs (Section 3.1.6) assumed a resistance

force of the form
F= kd* (\/k& Hy o+ /f? 4 )\ (4.59)

Integration of the equation of motion then led t¢ Eq. (3.20)

|
‘ " J/f% V__ ?
H WY !
P (1&1)1?0?(; +/miij__,) o ki Lﬁ___Tﬁ > (4.60)
(;{ k, ,('\{-/' ( './"".‘., ;‘\)_‘} ; ‘z _Pf V;: J
| +

ky Hy -

4.4.4 Discussion

It may be seen frow the above, that the penetration
laws in usec may be divided into two general categories. 1In
the first, the assumption is made that the resistance varies
with some power of the distance from the surface. This
assumption then leads to a penetraftion law of the general
form

(4.61)

n
£ "y
A7 K PF
I1f the resistance is assumed to increase more rapidly with
increcasing distance from the surface (higher power of p ),
the resultant veloecity exponent n decreases.

In the second category, the resistance is assumed
to be due to the inertia of the target, and thersfore propor-
tional to v2 . The resultant dependence of penctration on
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velocity is logarithmic. When a resistance term
independent of velocity is included, the resultant
equation has some very inﬁeresting properties, see

Eq. (4.58). At low velocities, the contribution of the
strength term is dominant, i.e. in the neighborhcocd

L,

(j% Vv } A ( kx)

Hy

However, as the velocity increases, the strength term
becomes increasingly less important, so that at

X

4
() > &
Eq. (4.63) becomes very nearly
7 1 3
LA (.,.fﬁ) Log (fg.l’) ~ log, k! (4.62)
d 2 kl \ ]:It'l ¢ df 4 i J‘

It 1s clear that the strength term now enters
as a constant correction, much in the way that it was
included in Grimminger's theory. Noit until

~
-~

p V'
[oqs_ (T/ - -lo% k

will the effect of strength become negligible.

it may also be noted that the logarithmic function
exhibits a decreasing glope with increasing velocity. 1In

order to comnars the logavithmie form with the provisus

(e}
u



simple power law, Eq. (4.58) has been plotted on log-log

paper in Fig.4.2 denoting J?E??;ﬁg = g . In this way

the slope of the curve will correspond to the exponent n
in the expression p = ky" .

It 18 seen that the slope decreases from about 2
at. oV = 0.3 to 1/6 at aV = 100 . The slope is apprexi-
mately 2/3 in the range 3 < aV<6 . Eq. (4.54) and Eq. (4.60)
are alsc plotted in Fig.4.2, the curves having been adjusted
to coincide at aV = 4 , i.e. in the velocity range where the
curves are approximated by p = kV2/3 . Grimminger's form
Eq. (4.54) agrees well with the previous curve at higher
velocities, but departs drastically at lower velocities. How-
ever Bohn and Fuchs' expression Eq. (4.60) agrees very well
at lower velocities, but departs at higher velocities, the
slope decreasing more slowly, and approximating 1/3 in the
range 20 < aqV < 200

It is possible to deduce approximate velocity
ranges over which the curves of Fig.4.2 may be approxi-
mated by p = kv® for different values of n , for a
typical target material. For aluminum targets for example,
it i3 observed that penetration follows the law p = kV2 '
above about 10,000 ft/ecec. The curves of Fig. 4.2 first
show agreement with this law at about aV = 3 . Thus «
may be approximately cvaluated, and corresponding velocity
ranges round.

These are shown in the table.
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Approximate Velocity Ranges in ft/sec.
in which Penstration May be Approximate by p = kv"

Velocity

Exponent n | Eq. (4.54) Eq. (4.58) Eq. (4.60)
v2 4,000 - 6,000 1200 1200

V4

y4/3 6,000 - 10,000 | 2,000 - 6,000 | 2,000 - 6,000
v 7,500 - 12,000 | 5,000 - 10,000 | 5,000 - 10,000
y2/3 10,000 - 20,000 | 10,000 - 20,000 |10,000 - 35,000
y1/3 30,000 - 200,000 | 30,000 - 200,000 | 60,000 - 300,000
y/0 600,000 600,000 108
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SECTION V

NORMAL IMPACT ON QUASI-INFINITE TARGETS

This section will be devoted to a discussion of
the applicability of the thecories presented in Section III
and the empirical relationships presented in Section IV to
cratering in quasi-iniinite targets by projectiles striking
the target at normal incidence. The cratering process is an
extremely complex one, involving many different types of
material bkehavior. It is therefore necessary to first give
a description of the cratering process. The applicable
theories are then compared to the appropriate experimental
data and the fits of empirical expressions discussed in
Section IV to the data are then examined.

5.)1 Description of Phenomena

Several excellent studies of cratering by high
velocity projectiles have recently been carried out in
which high speed photography, X-radiography and other
techniques were used to make active observations of pheno-
mena accompanying the penetration process. When taken
together with post mortem observations of the crater and
adjacent material, and interpreted in the light of present
knowledge of the behaviour of solids under high pressures,
a fairly detailed qualitative understanding of the physical
phenomena involved in cratering can be gained. Several

- . . 7,81,12
descriptions of these phenomena have recently been given.’’ 128



with the target, local conditioms at the projectile-target
interface may be estimated by one-dimensional shock theory.

At the instant of first contact of the projectile

Such theories both for very high pressures, and for low

stregses, have recently recelved a great deal of attention,

The Hugonict relations for the shock proceeding into the
target and the shock receeding back into the projectile

determine the initial shock velocities and interface velo-

city and pressure.

(See Appendix D.)

Intexface pressures

and velocities calculated on this basis, and for the acoustic
approximation, i.e. neglecting the change of compressibility

with pressure of the materials, are plotted as a function of
projectile velocity in Fig. 5.la and b for several common

materials.

It may be noted that the acoustic approximation

leads to very large errors at even modest wvelocities.

will actually be carried below the original target surface

The shock receeding into the oncoming projectile

when the initial projectile velocity exceaeds the velocity
of the shock wave generated in the projectile.

The criti-

cal velocity, above which the shock in the projectile is
carried below the orxriginal target surface, is

P

<%

function

of the densities aud compressibilities of the projectile
Critical velocities

and target materials, see Appendix D.

r scveral common material ceombinations are shown below.

Minimum Projectile Velocitiles for the Shock to

Move Below the Original Target Surtace

veloclrlies in thousands OL

/0

[ faret | | ]

Projectiié*\\\ Al Cu Pb
Al 43 73 79
Cu 22 37 38
Pb 12 20 21

»ect per second
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The initially one-dimensional motion is ot course
localised around the nose of the projectile, and is almost
immediately altered by the geometry of the subsequent motion.
Nevertheless the above considerations are useful for esti-
mating maximum pressures, temperatures snd shock velocities
resulting from the impact.

At low impact velocities of a few thousand
feet per second, initial interface pressurcs are of the
order of the dynamic yield strengths of typical materials,
as may be seen from Fig. 5.la. It is therefore clear that
the motion will be strongly influenced by material strength.

In cases where the projectile strength is much
greater than the target strengtli, as in the impact of a
hard copper projectile on a soft lead target, the pro-
jectile may suftfer only minor deformation at low impact
velocities; and an almost cylindrical crater oi diameter
equal to that of the projectile is formed by a process of
dynamic plastic deformation oi the target material. As
the initial projectile velocity increases, the projectile
suffers increasing plastic deformation. The Ilnertia effects
also lead to increased radial motion of the target material,
so that the resultant crater is of increasingly greater
diameter than the original projectile diameter, until a
velocity is reached where the inerria effects predominate,
and an almost hemispherical crater is formed.

When the proiectile is brittie. a departure from
the above behaviour is obsexrved. The shock wave receeding
into the projectile on reflection at the free surraces of
the projectile may lead to stress concentrations which are
sufficient to cause brittle fracture at velocities where
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very little plastic deformation of the projectile occurs.
Tungsten carbide and hardemed steel projectiles exhibvit
this type of behaviour. Just above the velocity necessary
to cause projectile fracture, the projectile is observed
to break into several large fragments. The presented area
of the fragments is considerably greater than that of the
unbroken projectile, and a reduction of penetration may
result, although the crater volume centinues to increase.
At Incresged velanitiea tho nrojcctile suffers increasing
tragmentation, and the penetration again increases. Finally,
when inertia effects predominate, a nearly hemispherical

crater again results.

These effects are illustrated in Fig. 5.2 which
shows craters formed by lead, copper and hardened steel
spheres in soft lead targets at several identical initial
projectile velocities. Figure 5.3 shows the penetration as
a tunction of velocity for typical ductile projectile be-
haviour, while Fig. 5.4 shows the penetration as a function
ot velocity for typical brittle projectile behaviour.

Three regions of impacit are commonly defined:-
a) Low velocity region in which the projectile sufiers
only minor deformation, and which has 3lso heen termed the
armor penetraticon region or undetormed projectile regilon,
b) transition region, c¢) high velocity region where nearly
hemispherical craters are formed, and which has also been
termed the hypervelocity region, or the "iluid impact"

region, from the fact that inertia effects predominate.

It is interesting to note that the penetration
appears to be nearly proportional to the 4/3 power of
velocity in the low velocity region, while the penetration
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is approximately proportional to the 2/3 power of velocity

in the high velocity region. In the case oif ductile pro-

jectiles, the high and low velocity regions are connected

by a smooth curve in the transition region. Brittle pro-

jectiles show an extended low velocity regionm with the drop
r

rt
He
[e]
]

in penetration, discussed previously, in the transi
region.

At bigh impact velocities, the initial pressures
are very mmuch greater than the dynamic yield strengths of
the materials, as may be seen from Fig. 5.la, and the
strength of the materials may well be neglected at early
stages of the cratering process. The projectile and target
materials are in fact observed to flow very much like fluids
in this region. For example, hemispherical craters are
often observed to be plated with a thin layer of projectile
material, Fig. 5.5. At still higher velocities all the pro-
jectile material apparently tlows out of the crater.

As the projectile approaches the target, the
projectile and target surtaces will gemerally meet at
a small angle. High velocity collision oi suriaces at small

angles leads to the phenomenon of jettingl44

» material being
expelled along the bisector ot the angle between the surtlaces
at considerably higher velocities than the closing velocity
of the surfaces. The expelled particles may move with
sutficlent velocity so that ablation occurs and the ablated
material buirns if air is present. The resultant lumino-
Sily io roelceried U0 Gl Chie Lupall fidsii.  The plciiwctivis

has been studied in some detail by Grow et a1°80’83ﬁ84”83

Cook??,&l

has photographically observed areas interpreted
to be clouds of metal vapour emanating trom the impact area,

which very likely are due to the same mechanism.
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As the projectile continues to move into the
target, the shock wave in the target precedes the projectile-
target interface. Rarefactions from the free surface of the
target and projectile modify the shock system, and the shock
rapidly becomes nearly hemispherical. High speed framing
camera sequences of penetration im transparent plastics
(Fig. 5.0) and flash X-vadiographs sequences of penetration
in metallic targets (Fig. 5.7) clearly show this behaviour.
At the target surface adjacent to the projectile, the
high pressure target material is unsupported and is forced
out ot the crater to form a spray. Several tine ¥-radio-
graphs and high speed framing camera sequences of the spray
have bezen made. (Fig. 5.8). It is clear that a large pro-
portion of the material originally in the crater is expelled
in the spray, which moves at relatively low velocities,

Numexrical solution of the differential equations
ol motion of an inviscid fluid, with appropriate equation
ot state, show shock and rarefaction systems closely re~
sembling those observed expeviwmentally, and considerably
clarify the understanding of the cratering process. Results

obtained by Bj ork 28,152

in the form of pressurc contours
and velocity vectors for the impact of a cylindrical pro-
jectile on a cemi-intinite target are shown in Fig. 5.9
and 5.10. (It should be noted that the numerical method
uses gu artiticial viscosity term to vender the solution
continuous, and shocks are thevefore sweared over a finite
distance imstead of appearing as discomtinuities. The
shocks ave smeared over a fairly large distance in Bjoxrk's
solution since a rather coarse finite-difference space

mesh was used tor reasons cof computer time economy.)

-~
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Figure 5.9 shows results for the impact of an iron projectile
on an iron target at 18,000 ft/sec. The shock in the projec-
tile is seen to rise above the original surface of the target.
Figure 5.10 shows results for the impact of an 1lron projectile
on rock (tuff) at 100,000 ft/sec. The shock in the projectile

R
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is carried below the original surface of the target, and the
resultant differences in the flow pattern can be seen when
compared to Fig. 5.9.

If the shock in the pxojectile is carried below
the original surface of the target, the projectile material
which has not yet been reached by the shock is carried well
below the target surface, and one may expect much greater
penetration. On the other hand, if the shock in the pro-
jectile receeds above the target surface, the sides of the
shock zone in the projectile are unsupported, and increased
lateral flow may be expected, with consequent shallower
craters. In an extreme case, such as the impact of nylon on
aluminum, the stresses in the unsupported shocked zone in
the projectile may be sufficiently high tec cause the pro-
jectile to flow out over the surface of the target, and
craters considerably shallower than hemispheres have been
observed under such conditions.

While the initial phase of the motion resulting
from high velocity impact wmay be adequately described by
hydrodynamic principles, the stresses rapidly decay due to
geometrical divergence and dissipation to the peint where
material strength becomes important. The material being
ejected from the crater will now remain attached to form a
raised lip. If the target matexrial is brittle porticns of
this lip may fracture and be removed. The final phase of the
motion will involve a certain amount of elastic springback.
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Gehring/; useing flash X~radiography has est.imated that

the elastic recovery in crater volume may be as high as 30%
in an aluminum target struck by a steel projectile at 16,400
ft/sec,

Material which has been subjected to very intense
shock compression, followed by an adiabatic expansion is
returned to zero pressure at higher temperature than ambient,
due to the entropy increase in tie shock process. Under
conditions of high velocity impact, this temperature may
be above the melting point. For impacts below 20,000 ft/sec,
theoretical estimates indicate that a small zone of target
material near the initial point of impact may be melited in
normal metallic materials. 1In low melting point materials
such as lead, melting may be much more extensive. Since the
melted material has no strength on return to zern pressure,
it will be ejecied from ihe forwing crater somewhat more readily
than if it had not been melted. This mechanism may there-
fore contribute to the cratering process at high impact
velocities. The question whether the material melts during
the high pressure phase of the motion is academic, &ince the
main, effect will B2 an ahsorptiet of ilatent hkeat. which
is anegligible. Theoretical estimates for minimum shock
pressurcs necessary to cause subsequent melting on return
to zero pressure for typical materials are 24 kilobars for
lead, 225 kilobars for tin, 325 kilobars for cadmium, and
1.4 megabars for copper.

The material immediately adiacent to the crater
sometimes shows signs of recrystallisation at the highest
experimental impact velocities, confirming that locai

welting has occurred. Hoxe remaie material usually shous
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evidences of severe plastic deformation in severely deformed
erystal structure or shock twinming, and in increased indenta-
tion hardness, these effects being reduced at greater dis-
tances from the crater. Examples are shown in Fig. 5.11.

3.2 Comparison of the Data with Theoxry

The penetration data for quasi-infiunite targets
for which sufficient data points exist have been presented
in Fig. 1.2 through 1.25. (See Section II.) The plots
represent data for impact of a variety of projectile
materials on aluminum, steel, copper and lead targets.

The penetration has been normalised with respect to pro-
jectile diameter in these plots. For cylindrical projec-
tiles, the diameter of an equivalent sphere of equal mass
was used, l.e. d_ = (3/2 dzL)l/3 . Drawn on these

figures are curves representing theoretical predictions

of penetration accordirg to the applicable theories pre-
sented in Section III. Although some of these theories
wexre intended to apply to a much higher velocity range, they
have nevertheless been computed in the experimental velocity
range, and included in the plots. Each of the theories will
be briefly discussed.

5.2.1 Rigid Projectiile

The applicable theories in this class are
Grimminger's theory {Section 3.1.5) and Bohn and Fuchs'
thoory {Section 3.1.6). Zaid's theory {(Section 3.1.7)
was not included since reliable solutions could not be
cbtained.

Grimminger's theory contains two somewhat arbitrary
constants; the tramsition velocity at which the penetration

v
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mechanism changes from a tluid drag mechanism to one of
axmer penetration, and the constant in the armor penetration
relation. Foxr the present comparison, the values for these
two constants given by CGrimminger were taken. The transi-
tion velocity was taken as tive times the plastic wave velo-
city, the latter being given as 1000 ft/sec for all mate-
rials; while the armor penetration constant is defined in
Section 3.1.5. Using these values, it may be seen thatl
Grimminger's theory generally underestimates the penetra-
tion below 5000 ft/sec, and overestimates the penetration
above this velocity. The discrepancy is exceptionally

large in the case ot lead taxrgets, while agrecuwent 13 best
for copper targets.

A change in the constanttwould have the effect of
altering the level of the portion of the curve above the
transition velocity. The most obvious improvement would be
to make the transition velocity a multiple of the elastic
wave velocity. Taken relative to the results in copper,
this would lower the predicted penetration in lead consid~
crably but slightly raise the predicted penetration in
aluwinum and stcel, thus representing an improvement in
agreement. in the case of lecad, but a deterioration in the

case oib sluminum and steel.

Bohn and Fuchs' theory contains a shape factor,
which was assuwed to lie between i/3 and 1. For the value
ot 2/3 given tor spherical projectiles, il wa&y LL swen Lual
the theoretical predictilons are in rather surprisingly good
agreencat with the data at low velocities. It may be scen
from Fig. 1.2 to L.25 that for most materials the agrecment
is very good tor low velocities, the theory overestimating

poenefration at higher velocities. For tungsten carbide
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projectiles at low velocities, the theory underestimates

L =
penetration. After projectile break-up however; the
theory again overestimates penetration.

P

An increase in shape factor £ , would reduce the
predicted penetration. At higher velocities the penetration
is roughly proportion to 1/f , thus a value of f of about
4/5 instead of 2/3 would lead to considerably improved agree-
ment over the whole velocity range, except for the tungsten
carblide projectiles.

3.2.2 Hydrodynamic Theories

Bjork's theory (Section 3.2.1), Oplk's theory
(Section 3.2.2) and shaped charge jet theory (Section 3.2.3)

. are consildered.

Numerical solution of the equations of fluid
dynamics have been given by Bjiork for only two metallic
target materials at the time of this study, i.e. aluminum
impacting aluminum, and iron impacting iron. The theory
contains no adjustable constants, all material properties
apnearing in the theory having been evaluated in indepen-
dent measurements. Due to the nature of the assumption
that material strength is negligible, the theory is only
expected to be applicable at very high velocities.

The theoretical curve given by Bjork tor aluminum
impacting aluninum has been drawn on Fig. 1.2 through 1.4
for 2024-T3, 248T and 1100F targeis respeciively and Lor
iron impacting iron on Fig. 1.12 through 1.14 representing
1020, 1030, and 4140 targets respectively. Bjork arbitrarily
defined the equivalent diameter of his cylindrical projectile
as dg= (d2 L)L/3 . Definition of the equivalent diameter

Rt
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on the basis of equivalent mass Lq. (5.2) leads to a
reduction in predicted penetration of 16 per cent, and
leads to the lower curves shown in Fig. 1.2 through L.4
and 1.12 through 1.14.

I may be seen that the highest velocity experi-
mental points for the IlOOF aluminum and 1030 steel targets
are clustered ouw Bjork’s oviginal curve, while experimental
points for the other alloys lie well below the theoretical
curve., However the experimental points show a steeper

1/3

gradient than V-~ slope predicted by the theory, so

1
£

tn

that the experimental points disagree with theoretical pre-
dictions at lower velocities. No conclusioms regarding pos-
sible agreement at highetr velocities may be drawn on the

basis of the present evidence.

Opik's theory (Section 3.2.2) contains an
adjustable constant K = 1/2 Py vé where v represents
the velocity below which no penetration will occur., In
calculating the theoretical curves, v, wag found by cxtra-
pelating the data to zero penetration. It is clear from the
curves, (Fig., 1.2, 1.14%, 1.15, 1.18, 1.22, 1.24) that the
agreement between Opik's theory and experiment is rather poor;
in particular, Opik’s theory predicts that the rate of in-
crease of pemetration with increasing veloclty becomes very
low at velocities above 10,000 ft/sec. A change in the
value of vy alters the predicted penetration but does not
appreciably alter the slope of the curve at higher velocities,
as may ba o

-SRI 101 O e Sp S oo
na Fary ST flg .Lo-l..'?) where theoreticalr curves fur

First order shaped charge jet theory predicts that
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penetration will be independent of velocity (Sectilon 3.2.3)

I Fr

L7 pe
which may be expected to apply only at very high velocities.
Including a correction for target strength reduces the pre-

_dicted penetration at low velocities, the theoretical curve

becoming asymptotic to the maximum value predicted by first
order theory. Horizontal lines representing first order
theory have been drawn on each of Fig. 1.2 through 1.25.

It may be seen that there is a comsistent trend for the
penetration to be considerably greater than the predicted
value at higher velocitles. Inclusion of the correction
Lor target strength will lead to lower predicted penetra-
tions. No attempt has been made to calculate these curves.

The lack of agreement is not surprising, since the
major contribution to the penetration at higher velocities
may be expected to be due tc the inertial expansion of the
crater. The correction for inextial expansion was not
included since 1lts value depends strongly on the velccity
v, for which no penetration occurs, and which must be
found empirical’y. This could mot be done accurately with

the present data.

5.2.3 Thermal Penefration

The applicable thermal penetration theories
are those of Whipple. (Section 3.3.1) lLangton (Section 3.3.2)
and Grow (Section 3.3.3). <«urves representing the three
theories are drawn on Fig. 1.2 through 1.25 for comparison
with the data.

(o
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Whipple's and Langton's theories differ mainly in
the proporticnality constant between the penctration and the
2/3 power of the velocity, due to the different shape assumed
for the crater. Langton in addition imcludes a texrm Cto account
for the melting of the projectile, which becomes relatively
less important as the velocity increases. Whipple's theory
overestimates penetration in almost all cases except for
penetration of tungsten carbide projectiles in the low velo-
city region. On the other hand, Langton's theory consider-
ably underestimates the penetration in all cases. As may be
expected from the dependence of penetration on the first power
in velocity, Grow's theory grossly overestimates penetration
at all but the lower velocities in all cases for which it was

computed.

None of the thermal penetration equations take
into account the strength of the target, since they were
intended to apply only to extremely high impact velocities,
and they can therefore nof be made to fit data in targets of
the same material butydifferent hardness within the experi-

mental velocity range.

5.3 Empirical Power Law

In this section it is assumed that a pecnetration

ook V"

is valid. Suiticient experimental data exists so that the

dependence eof penetration on cach experimental parameter way
Le investigated separately, and a non-dimensional penetration
law is devised Crater diameters and volumes are then consi-

dered.
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9.3.1 Consistency of the Data

Several projectile material-targei material
combinations have been used at different laboratories in
the same velocity range, thus allowing a direct comparison
of the data from one laboratory with that from another.
Except for some early work, the experimental data agree
within the experimental scatter, as may be seen in Fig. 1.2
through 1.25. Apparent disagreements, as in the case of
aluminum projectiles impacting aluminum targets (Fig. 1.2,
1.3, 1.4) may be traced to differences in strength properties
of the targets used at the various laboratories. In subse-
quent statistical analyses, all of the data was weighted
equally. ‘

5.3.2 Dependence on Projectile Dimension

For large number of projectile material-target
material combinations, firings have been made with a variety
of projectile sizes, and with both shperical and cylindrical
projectiles. In plotting Fig. 1.2 through 1.25, the penetra-
tion has been normalised to the projectile diameter. 1In the
case of cylindrical projectiles, the diameter of an equiva-
lent sphere of mass equal to that of the cylinder was used,

N

L.€,

J = ( % :111_)73 _ (;é :%?)I@

However, it should be pointed out that nearly all of the
projectiles considered had length to diameter ratios (1,/d)
near unity, and the equivalent sphere diameter did net
differ greatly f£iom the cylinder diameter. Almost equally



good correlation could be obtained by using the cylinder
diameter or length directly. For L/d far from unity, this
scaling is not likely to hold. (See Section 6.3) Insuffi-
cient data exists at present to define the limits of 1L/d
over which the correlation on the basis of equivalent sphere
diameter can be expected to hold.

Except for a cousistent tendency in the data
reported by Kinard and Collin535 for the penetration to be
slightly greater for 1/2 inch diameter projectiles than 0.22
inch diameter projectiles no size effect could be detected.
Nearly all oi the dats was in the vrange of projectile diam~-
eter of 1/16 to 1/2 inch.

2.3.3 Dependence on Projectile Velocity

If it is assumed that the penetration depends om
the velocity thxough a relation of the form p = k" | this
type of dependence can be most conveniently investigated by
means of log-log plots of penetrairion versus velocity. Typi-~
cal curves of this itype for ductile projectiles impacting
aluminum, copper and lead targets are shown in Fig. 5.12,
5,13 and 5.14 and for brittle projectiles in Fig. 5.15, 5.16
and 5.17. Although there is considerable scatter, the cuives
all show a tendency to vary from a velocity exponent of 4/3
at low velocitices to about 2/3 at high velccities, (except
for lead, Fig. 5.14 which does not extend to low enough velo-
cities to show a 4/3 power dependence)., For the high strength

projectiles, the 4/3 slope is maintained to velocities at which

the projectile shattcers, this effect being most pronounced in
the softest material, lead.
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5.3.4 Dependence on Projectile Properties

Relatively little informatiocr ie avallabie on the
effect of projectile strength on cratering. Maiden et all2
shot series of steel projectiles which had received diffex-
ent heat trecatments into 1030 steel targets in a velocity
range from 4,000 to 13,000 tt/sec. Results (Fig. 5.18)
indicate that no significant differences in penetration

are cobserved for projectile Brinell Hardness Numbers of
210, 290 and 580. It is clear that these data lie¢ in the
high velocity region, since they conform to the 2/3 velo-~
city exponent. On the other hand Abbot89 found signifi-
cant differences in penetration in steel targets by two
types of steel projectiles, having Brinell Hardness Numbers
of 140 and 705 respectively, up to 7,000 ft/sec, i.e.

well into the high velocity range., although the differ-
ences were small above 5,000 ft/sec. (Fig. 5.19.)

Grow et al86 shot two types of steel projectiles into

lead tarxgets, (Fig. 5.20.) up to a veloclty of about 5,000
ft/sec. Significant differences in penetration were ob-
served up to a velocity cof about 4,000 ft/sec, which from
Fig. 5.17 1s seen to correspond to the upper limit of the
transition region.

it may be surmised that the projectile strength
does not affect penetration above the transition region,
particularly for ductiie proiectiles Tt 15 clear that
the same will be true of the undeformed projectile region
for high strength projectiles, where no deformation of the
prcjectile occurs.

If this is txue, then the only factor to account
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for differences in penetration in a given target material
by different projectile waterials is the projectile density.
By analysing propoxrtionality constants k in p = kvz/3
obtained from plots of the type of Fig. 5.12 through 5.17,

k. is found to be very nearly proportional to the 2/3 power
of the projectile density and independent of projectile
strength in the bhigh velocity region, for a given target

material.

5.3.5 Dependence on Target Properties

While penetration may be expected to depend on
target density. there is strong evidence to suggest that
pencetrat.ion also depends on target strength over the entire
veivcaly vange covered by the present data. Summers30 has
reported tivings of copper projectiles intoc two sets of
copper targets heat treated to Brinell Hardness of €5 and 35
respectively. (Fig. 5.21) Significant differences in pene-
tration were observed over the whole velocity range which
was explored. extendivg frowm a few hundred tt/sec. to 10,000
ft/sec. TFigure 5.22 shows penetration results for steel pro-
jectiles impacting four diftevent types of steel tavget ranging
in Brinell Hardness fxom LlL to 30Z. Differences in pene-
tration arce again evident up to at ieast ¥,000 ft/sec, the
highest velocity at which a comparison can be made.

A comparison of cratering into hard (2024T-3) alu-
minum and sott (LIOCF} aluminum targets by aluminum projectiles
can also be made. (Fig 5 23} Penetration in the 2024T-3
aluminum targets. having a Brinell Hardness of about 120 is
ohserved to be about 609 of that in the softer 1100F alloy

up to the highest cyxperimental velocity of 16,900 it/sec.
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The hardness of the 1100F material was unfortunately not
measured, but, according to handbook values, lies in the
range 23 to 44,

It is therefore clear that target strength will
have to be taken into account over the whole of the experi-
mental velocity range. It has already been shown that
penetration is proportional to the 2/3 power of projectile
density and velocity. The fcllowing procedure was adopted
to verify this dependence on projectile density and velo-
city, to obtain reliable values of the proportionality
constant for each target material, and to determine the
lower limit of velocity in which the 2/3 power law is
valid for each projectile material--target material com-
bination.

TT

pa

V e V —_— - V —

(1) (11) (iii)



Lorge scale plots of {71 = p/d (p V)2/3

were prepared for each target material. If the penetration
did in tact follow the law

Lo k(g V)

o

versus velocity

the resultant plot should be a horizontal straight line

as shown in sketch (1) above. If the penetration were pro-
portional to some other exponent of velocity, the resultant
plot would be a cuxve as shown in sketch (ii) above. At
high velocities, the curve shouid reach the 2/3 power law,
and thus become a horizontal straight line. The velocity
above which the curve becomes horizountal, then corresponds
to the lower limit of the high velocity region. 1t is to

be expected that different projectile materials will produce
different curves at low velocities as shown. 1f on the
other hand the penetration were proportional to some other
exponent in projectile density, the resultant curves for
different projectile materials should tend to horizontal
lines which are separated, as shown in sketch (iii) above.
Cutves for 3 types of aluminum, 4 grades of copper, 4 types
of stcel, lead,magncsium. silver, zinc, cadmium and tin
targets impacted by a variety of projectile materials were
prepared. Examples for 2024T-3 aluminum,copper of BHN 65,
and for lead targets are shown in Fig. 3>.24, 5.25 and 5.26.
By far the greatest variety of projectile materials were
used with these three target materials. 1t may be seen that
there are relatively very few experimental points in the
horizontal region ot the curves, but thar the curves for the

various projecrile materials do converge on the horizontal
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portion within the experimental scatter. Only very rough
vdlues of the limiting velocity could be obtained. However,
the value of p/d (F’pV)‘?‘/3 = ky corresponding to the
horizontal portions of the curves could be obtained fairly
accurately for several of the target materisls. Least
squares tits of the values of kl , together with standax
mean deviations, were obtained using experimental points in

the horizontal portions of the curves. These are listed in
Table 1V. :
The effect of target strength could be estimated

separately, since kl could be evaluated for several types
of aluminum, copper, and steel targets, which varied in
Brinell Hardness, but had closely similar densities and sonic
velocities. Values of k1 found from least squares fit of
the data were plotted versus the Brinell Hardness Number He
on log-log paper. (Fig. 5.27) The flags represent one
standard mean deviation in kl and the uncertainty ranges
in Hardness. Straight lines of slope -1/3 could be fitted
through the points representing the different types of each
material. Thus the target strength can be approximately

accounted for by including a term Ht-l i.e.
1/3 7./3
£ k Ir \(
A 2 Y
H, "

the values of Lk, being found from the previous values of
ky by
,/3

k, = H. K

!

The effect of density may now be investigated
by plotting resultant values of k2 versus target density
on log-log papexr (Fig. 5.28) The uncertainty flags showm

89



are a combination of the mean deviatioms in kl and the
uncertainties in H_ . A straight line of slope ~1/3 has
been approximately fiited to the points, again using a least
squares fit, leading to a non~dimensional penetration law
- 1/3 . f VL 1/3
£ - (036 % g, 7) (1}) ( 2t ) 5.1)
( 0:07) (7 7 (5.1

d

While most materials fell within the limits given above,
penetration for scmc "anomalous' material combinations may
depart from the above expression by as much as 35 per cent.

It might be moted that a slightly higher expomnent
in pe might be expected to fit slightly better. However it
was decided to retaim the advantages of a non~dimensiocnal
fit. Small chamges (+ 107 )} 1in exponents of the nom-dimen-
sional parameters in Eq. (5.1) did not significantly alter
the mean deviation.

1t should be noted that the empirical expression
Eq. (5.1) is necessarily a crude approximation, since it
disregards the many complex phenomena actually occurring.

R.3.6 Limits of Validity of the Empirical Power lLaw

The empirical law deduced im the previous sectiom
is clearly limited to a restricted velocity range for each
combination of projectile and target materials. Nothing can
be said at this time about the upper velocity limlt, on the
bazis of the esperimental data. The penetration appears to
be proportional to the 2/3 power in velocity up to the high-
est velocity data points included here, within the experimental
scatter. This point will be discussed later. However, the
lower iimit of validity of the empirical law may be examined
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in some detail,

4 number of interesting trends appear froem 2/3
Fig. 5,24, 5.25 and 5.26., in which the ratio p/d / (p,")
is plotted vs. velocity for aluminum, copper and lead targets.
Curves have been roughly faired through some of the points
fox the sake of clarity. It is seen that ihe penetration is
generally less for the low density projectiles, and greater
for the high demsity projectiles at low velocities than pre-
dicted by the empirical penetration law Eq. (5.1), the differ-
ences diminishing as the velocity increases, until the various
curves combine. While the high velocity data is iimited al-
most exclusively to aluminum projectiles, the data repre-~
senting other projectiles do appear to become asymptotic to
the horizontal lines faired through the high velocity points
for aluminum projectiles.

On the basis of the qualitative model of cratering
presented in Section 5.1, it is possible to suggest the
reasons for this behaviour. Reference to Fig. 5.1 shows that
the initial maximm pressure generated at the interface is
less for the lower density projectiles, and greater for the
higher density projectiles.

One might therefore suppose that the strength of
the target material may have a relatively greater effect in
the case of the lower dansity projectiles, and therefore
restrict the flow and result in smaller craters in a given
taxget material than predicted cn the basis of the empirical
law Eq. (5.1). Clearly at some low velocity, the initial
interface pressure will be so low that no target deformation
will occur. This velocity will then be higher for the lower
density projectiles. The opposit¢ will be true of higher
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density projectiles. Onc might %uppogc that the target defor-
wmation 1s related to the quantity (P - ¥.) i.e, the imitial
interface stress in excess of the dynamic yield of the material.

At the same time, there will be a similar effect
on the projectile. The degree of deformation of the projec-
tile may also be roughly welated to the guantity (P* - Yﬁ} .
Thus, although the initial interface pressure is low for ;
nylon projectiles, mylon also has very low strength, amd a
nylon projectile may be expected to suffer severe deforma-
tion with consequent increase in presemted area and decvease
in penetration at even moderate velocities. On the other
hand tungsten and uranium projectiles, while leading to much
higher interface pressures at the same velocitie¢s have rathex
high strenmgth, Thus deformation of the projectiie will be
inhibited and penetratiom enhanced, leading to 'brittle pro-

1]

jectile" type of behaviour. (Section 5.1).

On the basis of this qualitative model, one might
expect that the empirical penetration law, Eq. (5.1), will
be valid when P e Yp» Yt . While the Limiting velocities
can be estimatad only very approximately from curves such as
Fig., 5.2¢ through 5.25, it would appear that a reasonable
criteriom is given by * » 100 p wheve ¥_ 18 the static

€
winld sfeea:, {or material ‘Wuhindfxans not exhibiting 'brittle

projectiie"” behaviowur, Nuting that the Brimell Hardness is
roughly equal to 7;.5% from Fig. 4.1, the criterion reduces to
~%Y s 30 H, {(r.2)
¥Yor high strength projectiles, the velocity at
which bhreakup is complete may be higher than the velocity
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indicated in Eq. (5.2). This is particularly true in lead
and other low strength targets. Unfortunately the hardness
of projectiles used in experiments has been reported in culy
very rare instances, so that alwost no information exists

to guide formulation of a criterion similar to Eq. (5.2).
Onily vue piece of information is available, i.e. stainless
steel projectiles shot into lead targets at Utah University
(Fig. 5.20). 1In this one case it also appears satisfactory
to use the criterion

PT > 30 H, (5.3)

While it seems logical to extend Eq. (5.3) to other materials,

there is presently no other evidence to support such an assump-

tion. If however, the assumption is made, the criterion be-
comes
D‘F
He

] P*
> 30 and 7 30 (5.4)
IO

w .. . .
where P and H are in identical units.

An attempt has been made to apply empirical correc-
tions to the low velocity data in order to account for the
streggth effects by the use of correction terms of the type

“RTEL—— , wWhere k 1is a constant to allow for straim rate

gffec%?ﬁ This is very difficult because the target and pro-
jectile strength effects apply simultaneously, and generally
fend to act in the same directiom. Furthermore, the uncer-
tainty iun the data, (gemerally + .05 in p/d or greater) is
such that at low velocities, and hence low penetrations, the

percentage error is large. 1it is therefore impossible to



evaluata the effects of target and projectile strength separately
with the present data.

R.2./ Crater Diameters

Diameters of craters in the plane of the oviginal
irget zuvfacos havo pot been veported in all cases. Figure
5,29 through &.32 show typical trends in the data for aluminum,
copper, steel and lead targetso Shown are the ratios of
penetration depth to crater diameter as a function of velocity.
Thig ratio is inm effect a shape factor, which should equal 0.5
for hemispherical c¢raters, higher values indicating crateis

deeper thon hemispherical.

Lt way be seen that projectiles such as copper and
lead show a tendemcy for the ratio p/R_ to increase with
velocity, and become asymptotic to the value 0.5. Reference
to Fig. 5.12, 5.13, %.14 indicates that the penetration be-
comes a funcition of V2/3 at about the same velocity where
the ratio p/Dc ceaches 0.5. These therefore represent
examples of ductile projectile behaviour, described by many
authors.

Of interest is the behaviour of aluminum, magnesium
and nylon projectiles. In each case, the ratios p/D appeax
to become asymptotic to a value of 0.4, and possibly lesg in
the case of aylon, in the velocity regionm where the penetra-
tion ig preportional to V2/3u

1 may also be seen that projectiles such as hardened
steel and tuagsten carbide show a tendency for p/Dc i.u
increase with velocity to a maximum much greater than 0.5,
and thea to decrease and in some cases show a tendency to
become asymptotlce to 0.5. The velocities at the maxima of
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the p/Dc curves may be correlated with the velocities

at the maxima of the p/d curves Fig. 5.15, 5.16 and 5.17.
These therefore represent examples of brittle projectile
behaviour. However, in several cases, the ratio p/Dc

has approached a value considerably greater than 0.5 in the
velocigz region corresponding to a penetration dependence
on VvZ/3

°

This type of behaviour is exactly what one might
expect on the basis of the qualitative model discussed in the
previous section. {Sect. 5.3.6) The question as to the vel-
ocities at which the craters become hemispherical, or whether
the craters will become hemispherical at all, for the very
light and very heavy projectiles cannct be answered by the
present data. However it is clear that the craters are not
necessarily hemispherical in the high velocity region covered
by the empirical penetxation law Bq. (5.1).

h.3.8_Crater Volumes

Several experimenters report wmeasured crater volumes,
The volumes have generally been measured by machining the
crater lip flush with the original target surface and filling
the crater with a liquid, wax, or powder, the volume of which
is subsequently measured.

Of considerable interest 1s the ratio E/VC where

E 1is the initial kinetic erergy of the projectile and Vc

the crater volume. The reciprocal quantity Vc/E has some~

times been termed the craterimg efficiency, despite the fact
that the quantity is dimensional. Typical plots of E/VC
vs. projectile velocity are presented in Fig. 5.33 through
5.36. For several material combinations a trend hag been

95



noted by many authors for 1B/V ~ to become constant as the
velocity increases. Several empirical penetration laws ave
based on this assumpiion. For many material combinations,

data exists only at low velocities, however several material
combinations in Fig. 5,33 through 5.36 do show this trend at
higher velosities, It may be noted that the E/V CUrves
become bcrizomfal at roughly the same velocities that the pene-
tration becomes proportional to y2/3 {Fig, 5.24 through 5.26.)

Asymptotes of E/Vc curves were estimated from
plots of the type of Fig. 5.33 through 5.36. There were
generally inmsufficient points im the horizontal porxtioms of
the curves to warrant statistical fits.

A tendency for the asyuptotic vaiuwes of E/VC _to
depend on the demnsity ratio pp/pt was noted by Summers 30“
Such a trend is alsc obvious from Fig. 5.33 through 5.36.
Values of E/Vc were obtainable for several different pro-
jectile materials impacting lead, copper, steel and alumloum
targets. Consequenitly, asymptotic values of h/V ware
plotted versus density ratio pt/pp on log-log paper (Fig.
£.37), The pointe for each target matecrial may be approxi-
mately fitted by straight lines of slope 2/3, ladicating a
dependence of L/VQ on (p /p )

In order to investigate the dependences on targer
properties, values cf

E (B )1/3

) ¢ {f;‘ /
were plotted vs. Brinell Havdness., {Fig. &.48) A erwsishe
1ine may be approximately fitted to the data leading to a
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7./3
E £
= =300z 05){{;) H, (5.5)

Ve

where the constant is dimensionless, and indepandent of

23

projectile and target material properties.

It is interesting to note that if the craters
are assumed to be hemispherical in the high velocity
region, a law of the form of Eq. (5.5) may be derived
directly from Eq. (5.1) by noting that
;X

E = % g: C{iﬁ° 4

+r 3
V. = £ 5 P

resulting in an expression

- PE_
T o= 29 =) H, (5.6)

|\
13

This differs slightly from Eq. (5.5) in both the constant
and exponent in density ratic. However, in the previous
section (Sect. 5.3.7) it was shown thai craters formed by
low density projectiles were shallower than hemispheres,
while craters formed by high demsity projectiles were deeper
than hemispheres., Thus Eq. (5.6) will predict smaller cra-
ters than actually formed for aluminum projectiles, and will
overestimate craters actually formed by tungsten and tung-
sten carbide projectiles. The change in exponent of the
density ratio just compensates for this effect, as may be
seen from Fig. 5.37.



5.3.9 Comparison with Previous Empirical Expressions

In this section it is intended to compare the em~
pirical expression Eq. (5.1) with empirical expressions
obtained previously by other authors and listed in Table ILI.
Many of these expressions were devised on the basis of por-
tions of the experimantal data used to dexriwve Eq. {(5.1), and
should therefore be comparable over the limited ranges in

experimental parameters considered in their derivation.

Several empirical expressions {(Table ITl)} are based
on a dependence of penetration on velocity to a power greater
than 2/3. It is clear from previous discussion that these
expressions were derived from data in a lower velocity range
than that covered by Eq. (5.1). Imn Secticm 5.3.6 the compli-
cations arising from projectiie and target material strength
have been discussed. fn general, both very low and high
dengity projectile data have been ignored in the derivation
of these expressiong, thus allowing a reasonable correlation
on the basis of elementary material propertiecec.

A number of empirical expressiomns are based on the
‘ , i
form proposed by Charters and Lock@”s

ik (/[,‘P)/J( ;E“/)IJ (5.7

Attempts were made to reduce the data oa this basisz.

However , since the sonic velocity ¢ does not vary appreciably

f.
with hardness in a glven targer material., expressions of this
type are inadaquate to corrvelate data from fivings into tar
gets of different hardmness, but ideantical material. The

assumpiion made in the derivation of Charters and Lorke's
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expression; viz. that the effect of hardness is negligible
in the high velocity range, is contradicted by the data up
to the highest velocities considerved here, and significantly
in the region where the penetration is proportional to V2 3 .
Speculation as to the role of strength at much higher velo-
cities will be deferred to a later section. Equation (5.1)
fits the data in half~hard copper and lead targets about as
well as Eq. (5.7), used by Summers3® to correlate penetra-
tion in these materials. It is interesting to mote that

P ~ v Hugoniots (Appendix D) are almost identical for
copper, iron and lead, so that behaviour associated with

low and high density projectiles is absent when these mater-
ials only are invelved. Furthermore, it might be pointed
out that data for anmealed copper, and copper of greater
Brinell Hardness cammot be correlated by Eq. (5.7), so that
the choice of half-hard copper as the basis of Eq. (5.7)
must be considered fortuitous.

Expressions derived om the assumption that cratering
efficlency is a comstant proportiomal to target hardness and
that the craters are hemigpheres in the high velocity region,
are equivalent to the form Eg. (4.33)

ro o Ao TN
R i S R i, 3
7 k(7)) Us (5.8)

This expression differs from Eq. (5.1) only in the exponent
in demsity ratio and in the value of the constant. Attempts
to f£it the high velocity data used in the dexrivation of

Eq. (5.1) to Eg. (5.8) by the method of least squares led
to a conslderably increased mean deviatiom. A

It is interesting here to compare the expression
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for E;Vc derived by Feldman'

/Vh ot ]

with the expression derived im Section 5.3.8

£ - 3 /ff)%h’%

= 30
Ve AN

13

(5.5)

These also differ in the value of the constant

- and expomnent in demsity ratio. Attempts ito fit the data used
in the derivationm of Eq. (5.5) by Eq. (5.9) again led to a
congiderably increased mean deviation. Egquation (5.8) was
derived from Eq. (5.9) by assuming that the crater is hemi-
spherical. This assumption has been shown to be unjustifi-
able in the velocity range covered by the experimental data
in Section 5.3.7 and 5,.4.8, Thus it is not surprising that
Eq. {(5.8) and (5.1) do not correspond.

fc‘»joxkjk has recently suggested that the penetration
in a given target material by projectiles of identical mass
and velocity, but different materials, is proportional to the
initial interface velocity induced by the impact. For pro-
jectiles of idemtical mass and velocity in a given target,
Fq. (5.1) reduces to p = kp 1/3 . Im Fig. 5.39 values of
the interface velocity v have been plotted against p /3
for several common targer materials at a projectile velocity
of % km/sec. The interface velocity iy very nearly pro-
portiomal to o 13 . Since the V  ws. V curves, Fig, H.1,
are very nearly straight llmes, a similar degree of scatter
may bhe expected ar other velocities., (See Appendix D) Thus,

Biork's suggestion 1s essentially equivalent to Eg. (5.1)

———— N e e ——

To be piblished
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within the experimental accuracy. Experimental scatter
does not permit a choice between V* and PP1/3 for cor-
relation purposes, and the density dependencé has been re-
tained for the sake of simplicity.

5.4 FEmpirical Logarithmic Law

In this section, the fit of the experimental
data to a penetratiom law of the form

V)
Fook log, (14 %ﬁt ) (5.10)
is examined. Based on the discussion of Section 4.4, it

may be seen that this expression (Eq. 4.58) and that of

Bohn and Fuchs (Eq. 4.60) may be made to almost coincide
over the experimental velocity ramge by suitable choice of
coastants, in which case serious disagreement between the

two expressions would only arise at very high velocities.

It is thexefore to be expected that it will not be possible
to choose betweem these two expressions on the basis of the
present experimental data alcae. Equation (5.10) was there-~
fore chosen as the basis of correlatiom for its relative sim-
plicity.

5.,4%,1 Data Fits

Individual least squares fits were obtailmned to
the experimental data for each projectile-target material
combination, fittimg k; and k, in Eq. (5,10) by using
a standard iteration method on a high speed digital com-
putexr., Material combimations exhibiting brittle projec-
tile behaviour were exclnded; since in these cases the pene-
tration is not a momotonically increasing function of
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velocity, and therefore could not be fitted by an expression
of the type Egq, (5.10). Results together with standard mean
deviations are presented in Table V.

It may be seen that the individual fits are very
good, mean deviations in many cases being no larger than the
scatter in the data. However the constants kl and kz
vary for the differemnt projectile target material combina-
tions. Attempts were made to obtain correlations of k1
and kz with elemsntary material properties. No correlating
could be found with Ht or ¢ , and the best correlations
obtained are shown in Fig. 5.40 and 5.41 respectively on the
basis of the density ratio, leading to an approximate expres-

sion of the form

e
)
(5.11)

it is evident that the correlatiom is rather poor.
This is hardly surprising. The effects of projectile and
target strength in the transition region, discussed in
Sectiong 5.3,6 and 5.3.7, strongly influence kl and k2 s
since the fits were made using data from the entire experi-
mental velocity range. It could therefore hardiy be expected
that a simple correlation with powers of elementary material

P _j:" K ( n K
Fetocson B 1+ ot (3

properties would be obtained. Before embarking upon an attempt
to correlate kl and k? ith more complex functions of
material properties, it would be desirable to predict reason-

able forms of such functions on theoretical grounds.

Whan msterial combinations exhibiting extreme
target and projectile strength effects, such as magnesium and
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aluminum with copper, steel and lead, are omitted, a
somewhat improved correlation for k; is obtained;

» )
k, = (06« o~1) j-oé) (5.12)

However, the correlation for %k, is not improved.

5.4.2 Theoretical Considerationg

In deriving Eq. (5.10), Section 4.4.3, the
instantaneous interface pressure was taken to be 1/2 ptvz ,
assuming the target to be an incompressible fluid, and the
projectile to be rigid and incompressible. It might be
expected that a better approximation might be obtained by
assuming that the interface pressura P 1is related to the
interface velocity v by the shock relation (Appendix D)

Po= pr 4 (Cf + ‘Sf V) (5'13)

This assumes that the conditions between the shock and
interface are uniform, which would appear to be a reasonable
approximation, except in the later stages of the motion, from
pressure contours obtained by Bjork, Fig. 5.9 and 5.10.

Thus, assuming the retardation force on the pro-
jectile to be of the form

F=k (Pe koH,) 7 d° (5.14)

integration of the equation of motion

-=-F"clx = mp v (,iy‘ (5°15)

[t
o
(U8)
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between the limits x = 0 * =
=0 leads to

P e (I e
d = €k, kﬁ) loge 4 1+ ',;“g; =R (516

where R depends on V¥ but may be showm to become a
reiatively small constant at high velocities.

It is interesting to compare Eq. (5.16) with
Eg. (5.11). Using the approximate expression for interface
velocity, obtained in Appendix D

/ Pr\'
Vi = g ) 4 (5.17)
the imterface pressure may be expressed as
3 ; o, \ ¥ 2
P* (f)ff Vit 47515(% 4 (5.18)

When V >> Cp s the first term of Eg.
compared with t

(5.18) hecomes small

interface pressure

% %
P = 15 (/ga) ft 4 (5.12)

Valuves of S are all fairly close to 1.5 for the

materials considered hereq Thus the logarithmic terw In

Egq. (5.11) is a representation of that in Eq. (5.16) at ex-
tremely high velocities.
speed of sound ¢

At velocities comparable to the

104

, P = 1?"9 v=Y x=p , =0,

the second, leading to an approximation for the

¢ s FQ (5.19) is a very poor approximation,
io fact the first term in Egq. (5.18) bacomesz dominant for V < ¢

it o



Thus some of the large scatter in kz may be ascribed
to the incorrect use of Eq. (5.19) at low velocities.

In the derivation, an implicit assumption in
Eq. (5.17) is that the projectile is decelerated as a
rigid body. Thus, although the interface pressure is
found correctly by taking the compressibility of the
materials into account, the transit times of shock and
rarefaction waves across the projectile are neglected.
This is probably not a bad assumption, since the waves
have time to reverberate through the projectile many
times duriag the flow period. In fact, detailed shock
effects in the projectile are also smeared in Bjork's
calculations.

However, the assumption implicit in the above
derivation, that the projectile remains undeformed, is
obviously incorrect at high velocities. X-radiographs,
and Bjork's amalysis show ihat the projectile flows so
that the motion is more mearly spherically symmetrxic
than linear.

If the projectile is assumed to expand radially
as an incompressible fluid, the interface force may be
represented by

Fek (P+ ki H)2m x? (5.20)

which, upon integration of the equation of motion Eq. (5.15)
leadz to the penctrztion law

3 ! P [ *
(df) ) £k S, (?j:h) Loge 2 | f _klPHf'} R

(5.21)
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where R again becomes a small constant at high velecities.

Thus, it may be expected that the penetratiom law
will cheage gradually from a form approximating Eq. (5.18)
at very low velocities (where R may be expected to vary
with V ) to a form approximating Eq. (5.21) at very high
velocities, |

It may be argued that since higb velocity effects
are of prime concern, Eq. {5.21) should be used to fit the
data in the high velocity region only, disregarding the low
velocity data. However, present experimental data in the high
velocity region covers at most velocities varying by a factor
of two. This 1is insufficient variation to warrant a two para-
meter logarithmic £it, and it has already beem shown that the
one parameter fit Eq. (5.1} is adequate over this velocity
Tange.

Thus, the individual fits to Eq. (5.10) must be
regarded as convenient two parameter fits over the whole
experimental velocity range, without attachimg too much phy-
sical significance to the form of Eq. (5.10). The fact that
there is some correlation of kl and kz with density ratio
must be ascribed to the fact that there is also some coivela-
tion between dynamic compressibilities and strength effects
with demsity ratio. The correlation is bound to be rather
poor, since it may be obgerved that some light materials such
as alumin:mm may have high strength, while some heavy materials
guch as lead have very low strength. As may be expected, alu-
minum projectiles striking lead targets therefore show very
poor correlation with other material combinatioms, particularly
in k, , Fig. 5.40. Similar remarks may be made for other

1
"anomalous' material combinations.,
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It would appear to be impossible to find a
penetration law which would adequately cover both a wide
range of materials and velocities without taking the correct
geometrical, compressibility and strength effects into account.
This, of course, requires a full theoretical treatment of the
problem. It would therefore be appropriate at this time to
carry ovt further theoretical work before attempting further
empirical correlationms.

5.4.3 Comparison with Empirical Power Law

When the material combinations exhibiting extreme
projectile and target strength effects are omitted, and the
value of k; from Eq. (5.12) is used, Eq. (5.11) becomes

| o\ g VY
[0 6+ 0-/)(]?’)/ Z"ﬁe{' i Z:_Il_(f)b(%)]

(5.22)

It has been shown that the function y =k log, (1+x2)
may be approximated by the function y = kX 213 over the range
2.7<x <5 . (Fig. 4.2) Thus Eq. (5.22) above may be approxi-
mated in the high velocity region by

;’f=/oe:ol -—) {m*pf ( V)}j

i~ (4 02)(&/0“( )6

oY

(5.23)
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which may be compared with Eg., {5.1). Comparisons for individual
material combinations over appropriate velocity ranges, using
correct values of kl and k2 in Eq. (5.10) from Table IV

are generally even betier, since both Eq. (5.1) and (5.10)

are good fits to the high velocity data.

Although Eq. (5.11) or Eq. (5.22) are very approxi-
mate due to the poor correlation of kl and k2 with material
properties, the imndividual fits to Eq. (5.10) with constants
from Table V are very good, and may therefore serve as very
useful empirical expressions suitable for interpolation and
prediction purposes over the whole experimental velocity range.

5.5 Extrapolation of Empirical Pemetration Laws

Since there is great interest in penetration effects
at velocities higher than trhose investigated experimentally,
it is interesting to 1nvestlgate the consequences of extra-~
polating the empirical penetration laws, Eq. {5.1) and Eq,
(5.10) Table IV, to higher velocities.

Figure 5,42 shows experimental data and penetra-
tions predicted by Eq. (5.1) and Eq. (5.10) for aluminum
projectiles and targets. Original constants found from the
individual least squares fit to p/d= kV 2/3 , using only
points iu the high velocity region, were used. For the lo-
garithmic penetration law, values of constants kl and k2
found by individual least squares fits, and listed in Table V,
were uzed. logarithmic scales were used to accomodate & large
velocity variation. Also shown are the three points obtained
theoretically by Bjorklzg, It should be noted that Bjork's
definition of equivalent diameter has been retained. Defini-
tiem of equivalent diameter on the basis of equivalent mass
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would reduce the penetration predicted by Bjork by 16 per
cent.

Firstly, it might be noted that both penetration

d
laws are good fits to the experimentsl d t
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velocity range. This velocity range will now be defined as
the high velocity region.

Secondly, it may be seen that the predictions of
penetration by the two penetration laws diverge at higher
velocities. The logarithmic law predicts lower penetratioms,
and over a wide range of high velocities may be approximated
by a law of the type p/d= wl/3 | This velocity range will
now be defined as the hypervelocity region.

It may be seen that the logaritbmic law shows
surprising agreement with the theoretical points, computed
by Bjork. From Fig. 5.42, it is seen that the curve fitted
to the soft 1100F aluminum data points fits Bjork's points
almost exactly. 1In view of the fact that the logarithmic
penetration law has limited physical significance, this
agreement may be fortuitous. It may be noted that the curve
fits Bjork's points better than an expression of the foim
p/d = ki3 |

Furthermore it may be seen that the logarithmic
law for the much harder 2024~T3 aluminum alloy predicts
lower penetrations than Bjork's analysis, the offset de-
creasing with increasing velocity. (This is still true on
a linear scale)., This behaviour is exactly what might be
expected for a high strength target.

Figure 5.43 is similar to Fig. 5.42, but for steel
projectiles and targets. In thig case, agreement 1s not
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quite as good., The fits to the logarithmic penetration law
were obtained from poimts limited to quite low velocities.
The steel targets had high strengths, thus all of the data
used for the fits were in the transitiom region influenced
by projectile and target stremgth. The transition region
strength effects tend to reduce penetration, the effect
being grecatest at low velocities. Thus, the tendency will
be to increase the initial slope, and increase the curvature,
of the empirical fit. The two effects partially offset one
another as may be seen from Fig. 5.43. Agreement of the
logarithmic law with Bjork's points is better at 5.5 and 72
km/sec., than at 20 km/sec, ctually, one would expect that
the penetration should be less than that computed by Bjork,
even at 72 km/sec, particularly for the very hard 30 RC
steel alioy. This extrapolation of the logarithmic fits in
this case cannot be considered to be reallstic.

The same effects are of course present ia the
logarithmic f£its for the 1100F and 2024~T3 aluminw alloys,
Fig. 5.42. Due to the low hardness of the 1100F alloy, and
the wide velocity range in the experimental data, relatively
much greater vreliance may be placed uvn an extrapolatior for
this material and the agrcement with Bjork's calculations may
be considered to have some significance. The extrapolation
for the 2024-TY4 alloy however must be considered suspect,
because, although data to quite high velocities 1is included,
the tramsition regiom &lso extends to quite high velocities,
and transition region strength effects have fairly strong
influence on the fit.
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5.6 Definition of Regions of Impact

Based upon the information in the previous sections,

it is possible to postulate regions of impact within which
certain types of behaviour may be expected. Since defini-
tion of the last two regions is necessarily based on the
logarithmic penetration law (Eq. 5.10), which has no firm
theoretical basis, this section is somewhat hypothetical.
Nevertheless, the behaviour should be qualitatively as
described. Quantitative definitions of the limits of the
regions may be refined as more data becomes available at
high velocities,

5.6.1 Low Velocity Region

which have higher stvength than the target, and therefore
suffer little or no deformation at low velocity. The
region is of no interest in the present study, and will not
be considered here. <The upper ilimit of the region may be
expected to be reiated to the ratio of the maximum &tress
induced in the projectile P* , and the strength of the
projectile, represented by H_ , but it is likely that

the projectile shape will be important in producing stress
concentrations leading to fracture of brittle projectile
materials,

5.0.2 Transition Region

Within the transition region, the effects of
target and projectile stisngth are domimant in &

crater shape and penetration depth. These effects have
been discussed in Section 5.3.6. If attempts are made to
fit the penetration in this region by a power law,
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the velocity expounent varies rapidly from 2 at very low
velocities down to 2/3 at the high velocity end of the
region. Data for "ductile” projectiles, which show a mono-
tonic increase in penetration with velocity, may be fitted
empirically by a two parameter logarithmic fit Eq. (5.10).

This is not necessarily physically significant.

The region extends from the velocity at which the

projectile suffers serious deformation to a velocity such
that

L

H; 30
oxr if Hp > Hy (5.4)

[ P
— = 30
Hp

{See fection 5.3.6) 1i.,e. a velocity at which the initial
intexrface pressure is much greater than the yield stremgth
of both the projectile and target.

£.6.3 iligh Velocity Region

Within this region, strength effects are no longer
dominant, but are still not mnegligible.

Crater shapes approach hemispheres, but strength
effects are sufficieat to cause craters formed by low or high
density projectiles, compared to the target demnsity, to be
shal Lower or deeper than hémispheres respectively. Cratering
efficiency V_/E i« approximately consitant within this region.

Within this vegion, the logarithmic penetration
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where K = p /pe 1s the density ratio and B = ptVZ/Ht
is the Best Numbexr, may be approximated by

- ""l':( l;'} Y
i = k A T8 {5.24)

or Eq. (5.1). The two equations may be seen to be equivalent
roughly between the 1limits

¥y

7.5 < K B8 < 36 (5.25)

ke
from Fig. 4.2. Particularly for high strength projectiles,
the limit Eq. (5.4) may occur at a higher velocity than
Eq. (5.25) above and Eq. (5.4) should therefore be -used as
the lower velocity limit.

5,.6.4 Hypervelocity Region

Within this region, the strength effects are
negligible, and Bjork's theory may be expected to be valid.
Craters may be expected to be hemispheres. Within this
region, the logarithmic penetration law may be approximated
by

I/ g
E PR PR _
T kX8 (5.26)
yl/3

From Fig. 4.2 the approximate limits of the approximation are

i.e. the penetration is approximately proportional to

o, .
£E4 < __ﬁ__lz..é__ < 3400 (,aozj)
2



However , additional effects not considered previously
may enter strongly into this region. In particular, target
melting may become important. It is difficult to assess the
magnitude of this effect at the present time, but it may be
expected to lesd to an increase in penetration and crater
size. Thus, the above remarks concerning the hypervelocity
region must be considered speculative at this time.

The Best Number may be seen to have the meaning
of the ratio of a pressure (pPV?) to material strength (Ht) 0
It can be sean that at extremeiy high velocities ;Q_Z/Bptvszz
approximates the initial interface pressure P* ‘for typical
values of k, given in Table IV. (See Section 5.4.3) lt*
may be preferable to define a non-dimensional parameter PJ/Ht
and find least squares fits to Eq. (5.16)

ﬁf =k 10,0 ( I+ k,Hf) (5.28)

This would permit redefimnition of the limits of the regions
of impact Eq. (5.25) and (%.26) in terms of PM/Ht , which
will be preferahle [rom the point of view of physical inter-
pretation,

5.7 Discussion

A quite detailed qualitative understanding of
cratering has been gained from esperimental studies using
X ray and high speed optical photography and other active
ngasuring techaiques, and from detailed theoretical analyses
surh as that carrvied out by Bjorklzso When data from a large

vaviety of materizl combinarionz and over a wide velocity range
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are assembled and compared, the effects of the complicated
phenomena accompanying penetration on the crater depth and

It is not surprising that simplified theories,
presented previously, are unsuccessful, since in each case
they neglect many phenomena important to the cratexring
process.

Even Bjork's theory, which correctly takes geo-
metrical and compressibility effects into account, cannot be
considered to be realistic in the high velocity region, ex-
cept for low strength alloys, since the shear strength of
ine materials is neglected. The velocity region, in which
strength effects are in fact negligible, is evidently much
higher than previcusly supposed.

It is also not surprising that so much confusion
and contradiction exists among previous empirical fits
derived from limited sections of the data, covering different
limited ranges in material properties and velocities, since
nearly all of the experimental data lies in the transition
region where strength effects lead to such complex behaviour,
and even the limited amount of data in the high velocity
region is affected by material strength to some extent.

Two empirical penetration laws have been derived
in this study which are more generally applicable than
previous empirical expressions. Each is strictly limiced
in the range of parameters covered, and in physical signi-
ficance, This is a property gemerally associated with em-
pirical expressions.
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The empirical power law

'3 174

I . B ¥ 3
: (0‘3£“ + 0.07) N B {5.28)

l
where A = pp/pr i# the demsity ratio and B = v/, is
the Best Number, is limited to the high velocity cegion de-
fined in Section &.4. 14,

On the other hand, tae empirical logarithmic law

P . 1 : [ lé ' 1
Eoa b log {1+ 2 (5.29)

with constants k] and kz tabulated in Table V may be
expected to fit only those material combinations for which kl
and kz are detzrmined empirically, but over the entire
experimenital veloclty range. The approximate equivalence

of Eq. (5.28) and Eq. (5.29) where their ranges of validity
coincide, has been demonstrated in Section 5.4.3 and 5.5,

Extrapolation of the empirical penetration laws
Eq. (%.28) and (%.29), either to other materials or to higher
velocities, bas Yittie theoretical or other justification.

Tn particalar there is no justification whatever
for =xtrapalating the empirical power law Eq. (5.28) to
higher velocitie:. The argument has been advanced that the
cratering efficiency Vc/E will remsin constsotr ag the

velocity increases. This 1a effect implies that the partition
of cnergy ia the various modes such as heating, energy trams-
mitted to othetv parts of ithe target by the stress wave system,
kineiic energy carvied away by the material thrown out of the
cvater, and ensrzy dizsipated in plastic deformation, remains

coustant, Such An az:umption cannot bs substantiated either
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from experimental evidence, or from theoretical considerationms,

1
at the present time.

It appears to be fortuitous that the transition
region strength effects act in such a way as to partially
cancel each other, so that even in the case of high strength
steel targets the extrapolated. logarithmic law Eq. (5.29)
shows reasonable agreement with the results of Bjork's cail-
culation, up to 72 km/sec., Fig. 5.43. Bjork's theory may
be expected to provide an upper limit to the penstration,
since strength effects neglected in the theory, but operative
in the high velocity region, may be expected to reduce pene-
tration. Thus the logarithmic law Eq. (5.29) may be expected
to overestimate penetration at velocities below 72 km/sec,
and to underestimate penetration above 72 km/sec, for the
particular steels. investigated. No gemeral conclusions about

extrapolations for other materials cam be drawn, and in fact

some other materials may well behave in such a manner as to
lead to very large errors when Eq. (5.29) is extrapolated to
high velocities.

Extrapolations can only be carried out with some
confidence, when the penetration law is based on sound theo-
retical grounds, and there is some assurance that phenomena
neglected in the theory do not become operative at higher
velocities.

The comparative success of the two penetration
iaws Eq. i5.awi and (He~ns, bazed un ¢lementary material
properties, must be ascribed to the fact that there exists
a rough correlation between dynamic compressibilities and
strength properties, and static properties.
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A penetration law to cover both a wide rauge in
material properties and velocities necessarily involves a
much more complex functional dependence of pemetration on
material properties vhan Eq. (5.28) and (5.29). It appears
to be a hopeless task to deduce such a functional dependence
from the present penetration data, both because the present
data has large uncertainties associated with it, and because
the data covers insufficient variation in material combina-
tions and velocities. In particular, very few material com-
binations have been investigated im the high velocity region.

Lt seems appropriate therefore that further theo-
ratical work be undertaken in order to guide the formulation
of more realistic penetration laws. The understanding of
the penetration process, provided by Bjork's analysis cannot
be uonderestimated. It is to be strongly uvged that theoreti-
cal work he directed towards extending an analysis of the
type uged by Bjork to include shear strength of the target
and projectile. Since melting may become extensive at very
high veijocities, and will have the effect of reducing the
shoar stremgth, thi= should alyo be considered.

Such an analysis will provide gquantitative infor-
mation about the vacions strength effects operative in both
the transirtion and high velocity regions, and thus aid
in interpretation of experimental resuits and guide formula-
tion of vealistic penetratioan lawe. Furthermore, such an
Anaiysis will provide a more rational basis for extrapolation
to velocitizz higher than thoze which may be investigafed
ewperimentally.
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SECTION VI

OTHER PROJECTILE-TARGET CONFIGURATIONS

6.1 Microparticle Impact

Although penetration appears to scale quite well
with projectile size over the range of projectile sizes
conveniently fired in guns, or by cavity charge techniques,;
there is a question if this scaling holds true foxr very
small projectiles, approaching the size of the grain struc-
ture.

While several laboratories have been actively
engaged in developing projection techniques tor micro-
particles only three groups have reported cratering
results by projectiles under 200 micron diameter. Anderson
et a160,62 at Stanford Research Institute projected 100 -

150 micron stainless steel spheres at velocities up to

12,500 ft/sec. against a variety of targets. The particles
were individually projected by cylindrical high explosive
charges. (Fig. 6.1) Friichtenicht et al56 at Ramo Wooldridge
used an electroustatic acceleration technique to project 1 -
10 micron carbonyl iron particles at velocities up to 6000
ft/sec against lead targets. (Fig. 6.2) Gehring et a1‘2’8"10
at Ballistics Research Laboratory used a specially designed
shaped charge with cast iron liner to project a cloud of
particles of 50 to 200 micron size, a special shutter being
used to allow only particles with a velocity in the region
of about 32,000 ft/sec to reach the target. The size



distribution of resultant craters (about 500 per target) was
then correlated with the size distribution of particles obtained
by crushing & similar cast iron liner with pestle and mortax.
Although severali target materials were used, only crater dimen-~

f

sions for lead and copper target's have been reported at this
time. Crater diameters were measured. However, based on
Gehring's observation that the craters were neariy hemispher-
ical, corresponding pevetrations are plotted in Fig. 6.3.

The microparticle results show a large scatter,
associated partly with the expevimental difficuiries of
accurately measuring projectile and crater sizes and pro-
jecrile velocity. However some scatter is probably due to
the effect: of grain boundaries and local anisotropies in
the tarvget material. Gehrin58 has shown contours of craters
produced in coarse grained copper and copper single crystals
by 200 micron cast ivon projectiles. The penetration appaxr-
ently is affected to some extent by grainv orientation. and
the presence of grain boundaries. Andersonbo has obsecrved
similar erfects.

On each of Fig. 6.1 to 6.3 curves representing
. 28 s .
Charters and Locke's™  empirical expression

Uy oy =/,
Y ) (J/__) 3
(l - A A ( j_‘}". /

IR

have been inserted. This expression gsdequately 1its penectra-
rion data in lead and copper targets tor large projectiles in
the velocity range of interest here. The microparticles results
lic consistently below the empirical cuxve. However, the dis~
crepancy is probably mainly due to the fact that all of the
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microparticle craters were measured o the top of the
projectile material vemaining in the crater (except Gehring's
results, in which crater diameters were measured). Anderson’s
results further may be affected by mass lost by the particles
during explosive acceleration and subsequent ablatiom.

One may conclude that within the present larxge
experimental uncertalnty it is impossible to distinguish
if microparticle cratering follows a different penetration
law.

6.2 Oblique Impact

Cratering due to projectiles approaching the
target at oblique incidence is cf great practical interest.
However, oblique impact has received relatively little
attention.,

In the high velocity region, in which nearly hemi-
spherical craters zre formed in normal impact, several
experimenters have noted that nearly hemispherical craters
are also formed in oblique impact up to some critical angle.
(Fig. 6.4) Beyond the critical angle, the crater becomes
asymmetrical, with greater depth and steeper sides towards
the direction from which the projectile approached. At
grazing incidence, the crater becomes very elongated, and
it has been noted that the projectile ricochets, and is
capable of producing further craters in adjacent targegs,
Suray patterns, Fig. 6.5, and shock patterns, Fig. 6.6,
also show symmetry below the critical velocity, asymmetry
above. The critical velocity is clearly a function of
velocity. Fig. 6.7 shows craicrs in lead produced by
steel projectiles. At 7,000 ft/sec, a symmetrical crater
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is formed at 30° incidence, buft not at 60° incidence.

An increase in velocity to 9800 ft/scc however results in

a symmetrical crater at 60° incidence. No systematic experi-
ments have been carried out to determine the dependence of
the critical angle ot incidence on velocity ror various

materials.

30

Data on cratering has been reported by Summers
tor copper projectiles impacting copper targets ai /7,000 and
11,000 ti/sec., {(Fig. {.3), aad by Kineke” , (Fig. 6.9}, ror
steel discs impacting lead targets at 16,400 ft/sec. Both
experimenters noted that the data ftor oblique impact com-
pared very well with that for normal impact, ii pecnetration
versus the mormal component of velocity is plotted. The
ocblique impact data depatvts from the normal impact data at
about. the same critical angle at which the crater ceases to

be hemispherical.

Andersonbzy (Fig. 6.10), also xeport microparticle
cratering data at oblique asugles. The scatter ig such thar
it is mof. possible to determine it the 60° and 30° incidence
data departs from the normal incidence data when plotted on

the basis of normal component of veliocity.

In the high velocity region (Sect. 5.1) it has
already been noted that crater volume is approximately
proporvtional te projectrile emergy at normal incidence. Thus.
below the critical angle cne might expect that crater volume
would be praportional ro the nermal component oi projectile
euer gy However Bryaule has noted that the ratio of crafer
volume to projectile energy appears to be 2 liunear fumction

“
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to angles beyond the critical angle. (Fig. 6.11)

Bryanl36 has also given a simplified theory for

predicting the ratio of major to minor diameter of the crater
mouth for angles of incidence beyond the critical angles.

Tt {s assumed that the projectile simply gemerates a spher-
ical hole concentric with itself, which expands at constant
velocity V. o Choosing moving co-ordinates such that the
projectile approaches the target vertically at velocity

V cos £, and the target moves laterally at velocity vy

V sin g, the crater will cease to be spherical when VS > V.
The ratio of major to minor axis ls then simply

- V5+V
P = z.V

Assuming V_ = k V cos @

. L <f_7<:.4’ . ;) 6.2)

and the critical angle at which the crater begins to elongate
is (at p = 1)

k = ton @ (6.3)

A refinement was introduced to allow fox the
finite size of the projectile, of radius R , which by
similar reasoning results in the equation

€
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where D~ 1is the minor diameter of the final crater. The
value of QD musit be supplied by experiment.

The theoretical curves for both cases are plotted
in Fig. 6.12. Shown alsc are experimental points obtained
by Kineke? Each point represents am average of 10 firings
using 1/2 inch diameter by 0.040 inch thick steel discs
accelerated by air cavity changes to 16,400 ft/sec, the angle
of incidence being varied from 0% to 69° . The value of
the critical angle used in the experiments was obtained from
Kineke's experimental data. The projectiles spalled during
acceleration, and a diameter of Q.3 inches was used in the
theory. The cxperimental polois lie between the curves ne~-
glecting the projectile size, and taking the projectile size
into account. Since the projectiles tumbled in f£light, and
the attitude at the time of impact was not known, such scat-
ter may be expected, and the agreement is thercfore quite
encouraging.

6.3 Rod Impactk

Relatively litftle experimental work has been done
with projecriles ol length to diameloer ratios much greater
than unity, despite the evident advantage for offensive

syst.emns. Figure 6 13 graphically illustrates the greatly

s

increased penetration per unit mass obtrained by rods (moving
in rhe direction of the longitudinal sxis) as compared to

s |
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penstration obtained by spheres aund cylinders ol unit
length/diameter ratio. Unfortunately direct comparison of
penetration in the two cases is uncertain since different
aluminum alloys were usged as targets, and rod velocities
were rather low.

No systematic study of pemnetration as a function
of length/diameter ratioc has been carried out, and, in fact,
at this time, results of only three studies have been pub-
lished. Summers and Niehau531 used rods of L/d between
& and 10 at velocities up to 10,000 ft/sec. against lead,
copper aud steel targets. Allen and Rogers 8 used rods of
L/d between & and 12 at velocities up to 10,000 ft/sec
against 7075~Tb6 aluminum, and Slattery and Clay23 used
rods of L/d between 8§ and 15 at a constant velocity of
8,500 ft/sec against aluminum. Results are plotted in

Fig. 6.14 through 6.20.

The phenovmena accompanying rod impact ditfex
somewhat from those accompanying impact of projectiles of
about unit L/d ratio. It may be expected that the shock
propagating upwards into the projectile is rapidly attenu-
ated by rarefactions from the unsupported sides of the rod,
which lead to rapid lateral flow of rod material. Thus the
disturbance travelling back into the rod would be expected
to move at sonic velocity. Two types of behaviour may then
be expected according to whether the disturbance is carried
above the original target surface, i.e. the impact velocity
is below sonic velocity, or the disturbance is carried below
the original target surface, i.e. superscnic impact velocity.
In the latter case, the flow after amn initial transient
period may be expected to be almost pseudo-stationary until

125



all of the rod material has been reached by the disturbance.
There would then be a fimal transient period during which

the projectile and target material move under the action of
inertial forces, resisted in the latter stages by the strength
of the material involved.

The difference between rod and compact projectile
behaviour Lherefore lies principally in the existence of the
intermediate pseudo-steady flow period at supersonic velocities,
which is absent in the case compact projectiles. (See Section
5.1)

Slattery23 has noted different crater shapes.
depending on whether the impact velccity was above or below
the sonic velocity in the projectile. Subsonic velccities
were observed to lead to cone shaped craters, while super-
sonic veleccities lead to cylindrical cratexrs. Such behaviour
may be expecred, since in the subsonic case, the disturbance
reaches the back end of the rod and is able to decclerate
the rod. The latter part of the penetration process then
occurs at lowexr velocity. Hence lower lateral velocities
are induced, and less expansion of the crater may be expected.
Figure 6.21 shows a crater in which the impact velocity was
so low that the rod was decelersted to a velocity where material
strength halted the flow betore gross detormation of the back
end of the rod occurred

Allen and Rogers48 attempted to use shaped charge
jet theory, (Sectiou 3.2) essentially titting their data to
Eq. (3.34) by suitable choice of the constant k = 1/2 Dpvg
The semi-empirical curves are insexrted in Fig. 6.14 and 6.15.
The value of the constant k was found to compare well with

expected yield strength of the 7075-T6 aluminum alloy under
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dynamic conditions.

In the case of gold rods, the penetration was
found to exceed the predicted values at the higher velocities.
It was found that the assumed residual velocity of the projec-
tile, (2v - V) where v 1is the calculated velocity of the
target-projectile interface,was greater thaun Vg s the
velocity below which no penetration occurs due to target
strength. Thus it was assumed that secondary penetration
was caused by the projectile material, of magnitude pre-
dicted by shaped charge jet theory, Eq. (3.34), with initial
nrojectile velocity taken as (2v - V). Results of this
calculation are inserted on Fig. 6.15.

On the other hand the data of Summers and Ni.ehaus3

in all cases lie well above semi-theoretical curves derived
in the same manner, and in fact, at the higher velocities,

lie well above the penetration predicted by simple jet

theory p/L =~ Pp/6; which sets an upper limit to Eq. (3.34).
See Fig. 6.17 to 6.19. Secondary penetration which is ouly
possible at these velocities in the case of tungsten car-
bide into copper, Fig. 6.18;, and tungsten carbide into lead,
Fig. 6.19, 1s insufficient to account for the large discre-

=2

pancies. Thus it 1s premature at this point to place re-

liance on jet theory. Figure 6.20 indicates that there is
little correlation on the basis of density ratic at a con-
stant velocity of 8,500 ft/sec when the results of Allenl"B

and Slai.:t:eryz3 are ccmpared.
A

Both Allen and Rogersﬁg
observed that the penetvation of rods was aifected very
little by the angle of obliquity of the target, provided
the rod remalned unyawed (i.e. moved in the direction of

and Slattery and Gla.yz'3



Al

its axis). However Slattery and Clay have shown that the
penetration is critically dependent on the angle of yaw.
Figure 6.22 shows a typical crater produced by a yawed rod

in aluminum. The section was taken in the plane of the yawed
rod. At right angles ot this section the crater is two or

: thus & narrow

-
b

~ )

three times the vod diameter in widch, an

=~

3

s
e
o

elongated slot.

% , . _
Slattery and Clay have suggested a simplitied
explanation for the crater shape

The total length of the rod does mot contribute to the
penetration. The crater expaunds radially, and thus is inciined
as shown. When the rod has penctrabed to a depth such that

the rod inteisects the crater lip, it is assumed that primary
penetration ceases. Thne rvemaimder ot the rod then presumably
continues to excavate material trom the intersected side of

the crater. The length or rod active in primary penetration
depends on the radiuy of the crater. The tollowing assumptions

* ) .
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were made to estimate this radius
a) the interface moves at constant velocity v .

b) the crater on any plane parallel to the surface
is cylindrical of radius r , centred at the
point at which the rod penetrated the plane.

c) the volume of the crater is proportional to the
kinetic energy of the rod.

For these assumptions the radius of the crater r wili
be given by the equation

T R‘ﬁ, (V— v) V. K, r>V (6.5)

where R 1s the radius of the rod, and Kt is the
energy volume ratio E/Vc found for compact particle
impact. Values given by Feldman (2.6 H ¢) were used,
but results have also be&n computed using K found in
Section 5.3. gj 06 (pt/Pp)L’SH )

If the interference occurs at 3 depth p , then
the portion of the rod already in the crater will coitinue
to penetrate. The final depth of the crater is then

\4

. ) (6.6)

Further for a constant yaw angle # , from the
diagram

6 (- Lv) = r-R (6.7)



which using Eq. (6.5) and (6.6) becomes

R v / fr Vv _
Py T E V—v 2 V_'th v I} (6-8)

In normal impact
P .
— m , 6.9
£ 6-9)

so that Fq. (6.8) may be evaluated using empirical values
of p/I. found in normal impact experiments.

The crater shows a residual penetration, Fig. 6.22,

assumed to be due tec the cross hatched part of the rod in the

diagram above, of length 2R/# . This is assumed to lead to
an added penetration

2 R v
P = ¢ V=v

(6.10)

so that the total penetration is P, = pf<+ P A compari-
son of measured penetrations and penetrations calculated

on the basis of Feldman'’s Ry and that given in Section 5.3
are shown in the table below. Values of p/1. for normal

impact have been taken from Ref. 23,
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Calculated Calculated Rod
Yaw (Feldman) (Sect. 5.3) Measured Material
P+ Pg P¢ Pg Pi Py
g =4 | 0.469 0.217 | 0.600 ©0.277 | 0.344 0©.125
6° | 0.312 0,145 | 0.400 0.185 | 0.250 0.156 Lead
10° | 0.188 0.087 | 0.240 0.112 | ©.187 0.152
@ =3°| 0.573 0.229 | 0.631 0.252 | 0.500 --
6° | 0.287 0.115 | 0.316 0.127 | 0.250 0.125 Copper
10° | 0.173

0.069 | 0.190

0.076

0.156 0.120

Penetration Depths in Inches
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6.4 Finite Thickness Targets

Cratering and penetyation of thin targets by
high velocity projectiles has not received as much atten-
tion te date as cratering in quasi-infinite targets. While
a number of studies have been reported, none of these are
dircctly comparable simce dliferent experimental conditions
were used. However, sufficient work has been done to dis-
tinguish some important phenomena in thin target cratering.

G.4.1 Relatively Thick Targets

Crarering ia relatively thick targets which are
not completely penetrated may give rise to damage at the
rear surface of the target plate. (Fig. 6.23.) This damage
may range from the appearance of a zone of slipped and
deformed grains mear ihe rear suriface oppositie the crater34
to the appedarance of inteimal cracks and bulging of the
rear surface, to complege detaciment of a segment of target
material, termed Sp&lllzo The damage is undoubtedly due
to the retlection and inferaction at the rear surface of
the wave propagared into the rarget. Maiden et all‘2 report
spall thickness as a function target thickness at constant
projectile velocity and as a function of preojectile velocity
at constant target thickness ror steel targets at velocities
up to 13.000 tr/sec.

The presence of damage aft the rear surface
generally is accompanied by a greater crater depth than in

e gy ) : 34
a corresponding quasi~infinite target. Kinard et al” have re-

ported a2 study ot the eifect of rtarger thickness on penetra-
tion of steel aand aluminum projectiles into aluminum targets
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at impact velocities between 5,000 and 13,000 ft/sec.

They conclude that for the velocities used in their

study; the pemetration is aftected by target thickness
provided that the penetration is greater than 20 percent

of the target thickness. It was found that a projectile
could completely penetrate a target whose thickness is
approximately one and one half times as great as the
penetration ot a similar projectile into a quasi-infinite
targect. Sone results of this study are plotted in Fig. 6.24.

6.4.2 Thin Targets

Thinner targets which are completely
penetrated exhibit different behaviour depending on the
projectile velocity, target thickness, and materials
involved.

At relatively low velocity, penetration is
accomplished by modes familiar in armor penetration work.
The resultant hole is nearly the same size as the projectile,
which sutfers very little deformation in the penetration pro-
cess., > As the impact velocity increases, the projectile
sutfers increasingly severe damage; plastic deformation and
"mushrooming' if ductile, or small pieces being spalled
from the projectile if brittle. The resultant hole in the
target plare consequently becomes appreciably larger than
the original diameter of the projectile, and may become
conical, increasing in diameter towards the rear surface
as the projectilie continues to mushroom, ox spall during
the penetration pxocess/sn As the Impact velocity in-
creases, more severe breakup or flow of the projectile is
observed with consequent further enlargement of the target



hole, until at relatively high velocities, both target
material and projectile material are ejected tfrom the rear
of the target in a spray of small particles distributed over
a solid angle of %0 degrees or more, with a considerable
amount o©f material alss heing ejected from the front of the
target platengz&u The resultant hole in the target plate
is typically several times the diameter of the original pro-
jectile. These effects are illustrated in Fig. 6.25 and
6.26 by frames from high speed framing camera records of the

penetration process.

These phenomena are evidently analogous to those
occuring in semi-infinite targets and have led several inves-
tigato—= to distinguish similar regions of impact, namely;

low velocity reglon (undetormed projectile, armor penetration);

transition reglon; and high velocity region, (hypervelocity
or fluid impact region). Several different types of experi-
ments have been carried out, as illustrated in Fig. 1.1 4, e,
f£. Each of these will be briefly discussed.

6.4.3 Complete Penetfration of a Single Thin Térget

Several extensive studies have been carried out
involving complete penetration of a single thin target in
the armor penetration region where the projectile is rela-
tively undetoxrmed. Of prime concern are the kinetic energy
lost by the projectile during penetration and threshold velo-
cities corresponding to cerftain confidence levels that the
target will be just penetrated, {i.e. probability of penectra-
tion O, 1 or 0.5, the velocity corrzsponding to the laitex
being known as the ballistic limit). This type of study is

not consgidered here.
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A preliminary study of hole diameters and spray
particle distributions for single thin targets penetrated
in the high velocity region have been reported at BRL53
at 11,100 and 16,500 it/sec. Results of hole diameters
as a function of target thickness are replotted in Fig. 6.27.

A statistical study ot hole diameters produced
in thin Mylar and Testar foils by cast irom particles of
less than 100 micron size at about 36,000 tt/sec has been
reported by Richards and Gehringll.

6§.4.4 Thin Shield

Three studies of peneiraiion in a semi-iniiniie
target protected by a thin shield located some distance
in front ot the target have been reported. Olshakerz4
studied lead targets and shields impacted by lead and steel
projectiles at about 8,000 tt/sec. Funkhauser39 studied
aluminum targets and shields impacted by copper projectiles
at velocities ranging from 1,000 to 14,500 tt/sec. Wallace
et a122 studied aluminum targets with a variety oi shield
and projectile materials at velocities up te about 17,000
it/sec., Untortunately the data tor the lattexr study was
not made available tor comparison with the other two
studies. Some results ot the tirst two studies are plotted

in Figs. 6.48, to b.30.

6.4.5 Multiple Thin Targets

& mumber ot studics of penectration of multiple
spaced targets have been reported. Some ol the early '
studies have been largely qualitative. Nysmith and Summer333

fired glassspheres at aluminum plates, varying the number of
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plates and plate thickness such that the total thickness of
the combined plates remained constant. They found the thresh-
old velocity to just penetrate all of the plates for each con-
figuration, (Fig. 6.31) Halperson and Fuller53 found the
total number of 1/16 inch thick aluminum plates spaced 4
inches apart pemetrated by 1/4 inch steel spheres as a func-
tion of veloeity, (Fig. 6.32). Projectile breakup is indica-
ted by a reduction in the number of plates penetrated as the
velocity increases.

6.4.6 Thin Target Theory

The numerical solution of Bjork (Section 3.2.1)
is equally applicable to thin targets as £o gquasi-intinite
targets. All that is required is the addition of a new
boundary condition, specitying the rear surface of the target.
While several such cases have been computed, published results
were not received tor inclusion in this study.

A simplitied theory for the angle of spray produced
by the impact of a very high velocity projectile on a thin
shield has been given by Lull

The projectile is assumed to punch out a section
of target plate of area equal to the presented area of the
projectile. Shortly after impact, the projectile and punched
out section of target plate are assumed to have moved out of
contact with the remaining target, and no further interaction
with the remaining tavget is expected. At this point the only
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part cf the remaining target which has been atfectad

by the impsact is that behind the shock wave proceeding
from the edges of the hole. Any enlargement of the hole,
spall or 1lip formation must be a result of energy stored
behind the shock. For a thin plate this energy is assumed
to be negligible compared to the energy contained in the
projectile and punched out segment of target.

The momentum balance then gives

m V‘, = (m, +ﬂlL) V)_ (6011)

!

The energy balance gives

T

'Zm, v % (M,»s»ml) |74 + NE

! 2

~
on
>
ot
[\

—

where A K is the increase in internal energy of the pro-
Jectile and target segment. Thus

}
AE = 7 —— ‘) (6.13)

The projectile and target segment are assumed
to shatter, and all of rhe increase im internal energy is
assumed to go info acceleration of the material in a radial

ey
(W)
~J



direction., Thz proisctile znd shield material are theretore
assvmed to be distributed throughout an expanding sphere of

radius R , the center of gravity of which is moving at velo-
city V2

o The kinetic energy due to vadial expansion of an
elewent of the sphere is

! 3 4
7 m V)., Olm = 7 - 4‘77'}0 r ., t?""‘

where V3 is the radisl velocity at the surface. Hence
N\
vl
! 4
AE = 5 7% ‘Mf/r“ oA r (6.14)
o}

Noting that the mass of the sphere is
(=]

m o+ m, = -f' R.ﬁ
, (6.15)
AE = "_0- (P”"'ﬁ- w ) 1{3
Thus from Eq. 6.13
4’" .
/5 M_L——' ==V (6.16)
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The leading hemispnere of material is moving
at higher velocity than the txailing hemisphere, and con-
tains most of the kinetic enexgy. 1t would intersect a

c¢ircular area on a second target plate subtending a half
angle g, at the shield
v e
- N e + oy - . -~ f —’1&‘
0.‘_ = arelan \»/1_ = mrci—nﬁ'\.‘//3 m (6°17>

The trailing hemisphere would atfect a larger
area of target, but may be expected to produce relatively
less damage since it contains less energy. The circular
area intexsected by the trailing hewisphere subtends a
half angle 6, at the shield

1
|74 [T
O = arcsin =% = arcsin fE I (0.16)
W, v o ’

These are inserted in Fig. 6.30 for comparison
with experimental data.

b.4.7 Discussion

FhnsFinthuiog

None of ithe studies reported to date are directly
comparable., The dara is fLar too scanty to allow an attempt
correlarion. Some gqualitative remarks may however by made

Projecrile breakup is indicated by a drop in
total penetyation im a given projectile target configuration
as the velocity is imcreased. Similaxly a relatively sharp
drop in motal pemetration occurs as the plate thickness i3
increased at consrant velocity, imndicaring projectile break-
up. Thus conditions voughly coivesponding ro projectile
breakup may be estimated for several of the studies ~omsidered.



The velocity av which projectile breakup occurs
appears to be a function of plate thickness as well as
projectile and target material, thicker targets requiring
a lower velocity for projectile breakup.

There appears to be some correlation between the
diameter of the hole produced in a thin plate, and the
cone angle over which the plate and projectile material is
ejected from the rear of the plate (Figs. 6.27 and 6.30),
both increasing with plare thickness at a given velocity.
This again implies that the projectile experiences more
severe breakup as the plate thickness is imcreased. ar
constant velocity. Lull’s theory shows the same trend.
As the plate thickness is increased further (beyond about
half the length of the prajectile in Fig. 6.30), the spray
angle no longer increases, and later decreases. Undoubtedly
the spray angle continues to decrease untilthe plate is so
thick that it will not longer be completely penetrated. In
1ull’'s theory the angle continues to increcase with plate
thickness. The discriepancy arises since his assumption

violated.

¥4}

that the target is thia i

The total depth of penetration in a shielded
target or multiple taxrget ig also a functiom of pellet
breakup. As the shield plate rhickness increases (Fig. 6.28),
and the spray particles are distributed over a wider area,
the penetration of the prime targer is reduced. AL about
the shield thickness at which the spray angle becomes con=-
stant, the penetration in the prime target alsc becomes
constant. The toal penetvration (shield plus prime rarget)
therefore goes through 2 winimum, and increases with further

increase in shield thickaess., The optimum shield thickness

Lir(
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appears to be about 0.4 times the projectile length, from
Fig. 6028OWa11ace22 states that the optimum in his study
lsg lies at about the same shield thickness ratio.

o
©

Tot:al penetration is seen to decrease with increase
in shield spacing (Fig. 6.29) until at some optimum spacing
no further reduction in pemetraiion is achieved. 1t appears
that beyomd this spacing each paxticle in the spray strikes
a difterent portion of the prime target, while at smaller
spacings several spray particles may strike the same loca-~
tion om the prime target, leading to greater penetratftion.
The ftact that Funkhauser and Olghaker find different opti-
mum spacings and minimum total penetration suggests that
the projectiles used ia rhe two studies suftfered different
degrees of breskup at the particular velocities used.

These efiects are illustrated in Fig. 6.33 where
it may be seen that an increase in shield thickness. or an
increase in shield spacing lead to increased angle of spray
and decreased penetration.

Wallace noted that the spray amgle. calculated
on the basis of sprav diameter at ithe prime terget and the
shiald apacing, apreared to decrease with increasing shield
spacing, ali other parsueters being maintained constant.
This suggests thsi the spray particles actually originate
in an ares im the projectile above the level of the shield,
an efiect also noted by Bﬁork* in his machire calculations.

1t is clear thai wuch nose experimentation i
required. before guantitative trends may he disringuished.

x
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Ideally; the particle size, mass and velocity distributions
in the spray ejected from a thin target should be measured
as a function of target thickness and velocity, for given
projectile and target materlals. The effect of a given
spray on a subsequent target should ideally be investigated
separately. In this way the possible parametric combina-
tions to be investigated are minimised, and comparison with
possible theoretical analyses facilitated.
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SECTION VII

CONCLUSIONS

Available information relating to cratering and
penatration by projectiles in the velocity range where the
projectile suffers major deformation oxr breakup has been
surveyed, Much of this information is collected in this
report for ready reference.

While a great deai of experimental data has been
generated, most of this data shows considerable scatter, and
in most cases, insufficient information about targei material
properties has been reported.

Most of the experimental work relates to normal
impact on quasi-infiniite targets. Although a very wide
variety of target and projectile materials have been used,
projectile velocities for most of these have been restricted
to the transition region. Almcst no experimental data exists
above 7 km/sec. Two empirical expressions have been deduced
which are more generally applicable than previous expressions.
The power law (Sect. 5.3} is restricted to the high velocity
region, defined in Section 5.6, while the logarithmic law
(Sect. 5.4) fitgs the experimental deta in both the transi-
tion and high velocity regions for "ductile" projectile
behaviour. Both expressions are good fits to the data when
constants appropriate to the projectile and target material
are used, and are therefore useful for interpolation. Extra-
polations to higher velocities may be expected to lead to
large exrors.

Only very rough correlations of the constantz



in the empirical expressions with elamentary material
properties can be found, so that predictions of penetra-
tion for projectilc and target materials other than those
for which sufficient experimental data exists, may be expec-
ted to be subject to very large errors. That some correla-
tion exists at all must be ascribed to the fact that some

]

(2]
o
=
=
.

ation exists between dynamic compressibility and
th properties, and elementary static properties of

the materials involved. Furthermore, in the case of the
logarithmic law, it may be expected that a much more complex
functional dependence on material properties will be neces-~
sary in order to accomodate the many complex transition
tegion strength effects. it appears to be a hopeless task

to deduce such a functional relationship from the data, due
to the large uncertainties in the data, and the limited velo-
city range of the data for most maeterial combinations. An
adequate fuactionmal relation must be socught on theoretical

grounds.

The available theories applicable to high velocity
cratering have been found to be inadeguate ln the experimental
velocity range. Most ¢f the theories were intended to describe
cratering at much higher velocities and are therefore very
simplified, generally neglecting strength effects, or intro-
ducing a simple correction for strength effects. It hasg been
found that stremgth effects are important at much higher velo-
citieg than previously supposed. Im particular, strength
effects are importaut in the high velocity region, which is
of prime interest for missile and space vehicle applications.

A good qualitative wnderstanding of phy&tca! phenomena involved

’,

in the cratering process ha

en

been gained. t is appropriate
therefore to attempt to develop a more realistic theory at
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this time. The theory will necessarily have to include
realistic nonlinear compressibility, geometric and strength
effects in order to provide a realistic analog to the cra-
tering process.

For projectile-target configuration other than
normal impact cf compact particles on quasi-infinite targets,
relatively little experimental work has been reported. In
general sufficient experimental information exists to dis-
tinguish qualitative physical behaviour, but insufficient
data exists to attempt empirical correlations., Theoretical
work has generally been limited to simple semi~empirical
treatments which have shown limited success in some cases.

It must be concluded, therefore, that at present,
no reliable predictions of cratering and penetration can be
made for velocities materials and configurations cother than
those for which experimental data exists.

Further experimental work is xequired, particularly
for impact by projectiles of high or low lenmgth/diameter
ratios, by projectiles at oblique incidence, and for impact
on thin targets. Little is to be gained from further experi-
mental work on quasi-infinite targets, except at velocities
over 6 km/sec. However, care must be exercised in the de~
sign of experimental programs. Since additiomal independent
variables have been introduced, it will clearly be impossible
to carry out compiecte empirical surveys in which all of the
experimental parameters are varied over the entire range.
This would obviously lead to an experimental program of
prohibitive maguiiude.

145



It seems imperative to carry out theoretical work,
80 that adeguate scaling laws may be deduced. Once scaling
laws have been established, intelligent experimental pro-
grams may be designed to supply the necessary constants, and
the experimental work may be reduced to manageable propor-
tions.
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APPENDIX A

.
Zaid's Theory‘07

The £luid in the zone between the penetrator and
target is at time ¢t situated in a cylinder radius r ,
and height h . At time (t 4+ dt) this will be a cylinder
of radius (r + #.dt) with thickness (h - p.dt), where p
is the velocity of advance of the projectile. For the
conservation of mass of this incowpressible f£luid

wrrh = o ‘(r‘ + l;a.olt)( k- ;é.alt) (A.1)

where ;'.a is the average fluid velocity over depth b .
This reduces to the equation

Lo (a.2)

r " P-Z

An element defined by r , rd8 , h in the fluid-
zone will lead to the equation of motion

d R
¥ ,;a hr. dO drdt + o, . dr. dO.dt

r

_ [ poh(t+dt) dA(t «di) wrdt] - p ko ddA) F]

147



dp,
where <« 3?2 is the avsrage of %%- over the depth of the

fluid zone, P ig the pressure within the fluid, Ty is the
shear at the projectile-~fluid interface, and dA an element
of area in the radial direction. Using the comservatiomn
of mass equation, the relation
. C e
h@.d—a‘i‘)‘ = ,l.\(i‘) - p S ¥ cl? (A‘a)
¥ = h +p

where q is the velocity of penetration into the target,
the above expression reduces to

¥ h jf} * T = - f h [ ros f; éVJ
Py, 2B
= %—LF"”z h_/ (A.5)

Integrating within the limits ¥ and R (v independent
of r),

R
f A o o 2
vry o -0 A ke g (RE 2 )
(A.6)

Defining the ratio of the average pressure to that at the
penetrator fluid zonez interface as

P, = P, -~ }?' P.. (4.7)

(73

the cquation becomes

v Rl - 'R (r) ““[’r dr +£(R_,-_‘)(;5‘ *IS'}?)
i :
' (A.8)
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The retarding force on the penatrator is

R
e [T - mw) e

4

hence, the equation of motion of the penetrator is

R R N
2o ( gRY 7. 3 P
Ny 1r( le T . dz.rdr + =5 (P * 2 h) =0

e Pk “ 16
2 r
(f\log)
Zald assumed shear relationships of the form,
V:;, ! T.‘
T, = KT r, = k° (A.10)
and two different fluid-zone growih relationships,
) — N . = M
p = b,.. A o= aa 75 (A.11)
where
- k' R - R .
T, = 30t P a  3h P (A.12)

are the average values of Ty, s r_ over a plane surface
[~ 3
area of radius R .
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Three cases of fluid-zoune growth relationship

have been cons;dered, n=1,2,m=1

. b / »
§ = 9:‘,{ KR p2 IT (4.13)
g = —33;:' R p 111

These lead to penetration-fliuid thickness relaticons:

Ha
L. bR, f (J“_) .
P = Sy l b L
h k'R h
3 A.14)
R a,
peh s 53_3.' Loge 3 111
Ra  _ h

If the steady-state penetration dominates, a good approxi-

mation is »p ::ﬁot Using this relation Case II has a solution

(b”}'k R‘A-'/# ”\l

! *—=—/ B +h 0

bt = -h o+ g Lo ,3.~ +—Lt"'(3\\2h

Fn 4 ?e (_‘bl/lk,lli'!z;; '/4.-;-)] 2 an lzk/R/ .|/+
3 y o

(A.15)

150



a .

This equation estimates that 97% of the

steady-state

fluid-zone is established within the time the penetrator

has traversed one-half the depth of that =

Thus, with

the exception of the transient effects, a reasonable solu-
tion is obtained on assuming steady-state conditions. 1In

the above equation this would be

Yo kl n \'/z Y
ho= (_b_x____f_\_) Bt

3

-

Ceneralizing this to

Lo- \_—‘_A_E R )') 74

and substituting in the equation of motion of

resulgsifor the approximation

v Ly
K 3 2 3 A
F(s;’*k'R') <z f

(A.16)

{A.17)

the penetrator,

(A.18)

(which Zaid considers to be valid in the range of interest),

in a solution

7o by k'R _ (L)%
po d RN (FR) - ()

3

(A.19)

Assuming that the fluid zone was of constant

ihickness, the motion of the penetrator would be given by

the equations

f; ’ e"f’( t)(Azo\
2 POy prr
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(
2o D B 5 By -
f’o B B . (/ * c Pe) 82/‘3( 'QF) /
c P
where A = in” + A (_B_)l
r R*h py &Y' h
31 (/R
SO PR (h) h
C = _.B_. l /R )\Z
¥ g k“f% ( h/
For —%— t <<1 , these reduce to
B ‘ B ot
P F = loye { I+ 75‘ P° t}

(A.20)

(A.21)

A.22)

In order to evaluate these equations it is necessary

to enumerate k , k' , b, , b, , a , and in the case of con-
1 2

stant h, the value of h itself. Values of these constants

have not been given.

Howszver, Zald does consider a hypothetical case in

order to estimate the magnitude of the penetration.

this

the flow is assumed to be parabolic with a shear stress rela-

tion at the projectile-fluid zone interface

= 6__ r-.l.

" =
L =

w - M TR

where |t 18 the viscosity of the fluid. The estimated ranges
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A,

of material and other propexties used were as follows:
-3 : -3 -3
(3 x 10 7)(0.06 x 10°7)€ 1 <€.06 x 10 ” slug/ft.sec.
(water vapor) (molten iron)

= 15.2 slug/ft.%

)
n
o
n

» 1/4 inch

w
I

1.0 = R/h > 1072

For an impact veloecity of 10,000 ft/sec, the theory
which assumes a fluid zone of constant height, predicts
a crater depth anywhere from 3.8 x 10_4 inches to 4.5
inches, depending on the viscosgity and fluld zone thick-
ness assumed.
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APPENDIX B

Opik's Meteoritic Impact 'l'heory121

In solving the equations set out in Section IIX,
it is easier to introduce the dimensional variables o= P/2R ,
f)m. = p/2R , T, = r/R and § = \/Pt/(Pt -?- Pp)' . The problem

is now reduced to solving the equation

. 5 r.,,‘r"m”(l _ 2t1-8Y _@_3 (B.1)
r 4 ~ 2 '

mTTE T 25
! 5 (l + —F;‘?) L M r-m /'
for the intial condition t =0, r =1, f) = V/2R , and
. 24 Pm (0)
PM (0) = ZJ .
5 - (B.2)
A% )
TR 1 +2d
where
A\
o - 2K (_é)
£ \R
(B.3)

(.'DP T ﬁ-‘)l

The nonlinear differential equation could not be integrated
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directly. However, the reverse differential equation obtained

by the transformation,

L diny 1 _d¥ (5.4)
At 2’4 dt A3 dr,

Zs easier to handle. The transformed equation will be

dv _ 1 & Y rt _ 24(1-3Y «b‘} (B.5)
d';“—%(l“gl]{zf,_?_‘,;){} r__mg +¢

for the initial conditions

Ay
I+ 20 (B.6)

- Yy - £ L2

This has the solution

gl - )
d

L
YT fle) | 2 WY y
(8.7)
where
3 n ~
! o+ 2d ! J 3
fn) = 5 (1 ;.za’) exp{’_ (e ')}
(B.8)
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C’("n}‘ = ‘xm fl(x) d x
' | % 27{ (8.8)
o
{2 k )""
vV, = [—
° -

The maximum penetration is obtained when im = 1'9m = 0 .

The radius of the meteorite at this time, Rl is obtained

t = 0 , hence

by placing L.
(Coe) = 2 J V )l
J R / (I + 2 J)z V,

and the maximum penetration, Prax ° is obtained from Toax

— —

Prax R

-~
o=

R 2.9

3 J
- (B.10)
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z’ Stanyukovitch Equivalent Explosive Analogy133

L17 DP

It is assumed that a powerful shock wave
emanates from the point of impact of a projectile onto a

_fg target which is capable of completely destroying the solid
~ media within a certain volume, and converting it into a
g strongly compressed gas. The pressure at the front of the
shock will be given by the relation
3 e V4w 5 Pr’ (c.1)
A n-| v

i 11|

where r is the distance from the point of impact, n the
polytropic index of the expanding gas; P the pressure on
the front of the shock wave, and 1 a parameter depending
ou 1n such that at n=1, 7/5, 3 or 5, n is equal to 1/3,
1/5, 1/6 and 1/7 respectively. For strong condensations

of a gas at pressures above a megabar over a wide range of

il

pressure, it is assumed that n = 3.

ks

The Rankine-Hugoniot relations across the shock are

3
P P/ /
ol < = ; e :,Za_'
3 Pt 2 v S ¢
| .2 P {C.2)
% U = AN )
j%;_. R -
El
. F | )
Vsz ,D p — ——r
3 \ Joot. ﬁt
1
159 .
ontalﬂs
re
ocumen2X@i we
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where e 1is the internal emergy, P, the target density

t
behind the shock, Pot

the target dénsity in front of the

shock, U the velocity of the shock wave front, and v the

velocity of the gas behind the shock wave front. This mode

of cratering will continue until the energy on the shock
wave front is less than £ ,
% 2
L < e ey - V=
where { 1is the internal emnergy required tc disintegrate
the target material. For the earth's crust Stanyukovitch
estimates { as approximately 3 cal/gm. From these egqu-
ations, the radius r of the hemispherical crater formed
during this mode may be found,
x /3 N+l \
MY - L (% 7¢)

3 .
5 3 T S n-1

n

Now the mean density of the energy throughout this crater is

N+
n-J

<> = F 9

s
B

{(€.3)

(C.4)

(c.5)

which for n =3 (n = 1/6), gives <{>» = (/2 . This energy

density for impact into the earth is of the order of the

initial density of high explosives, therefore the entire mass

of the substance in this crater is comparable to an equal
welght of high explosive.

Empirically, it has been found that the radius of
a crater p formed in the earth by the detonation of a mass

of high explosive at the surface is given by

Pl kM

160
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that is

po= E% — —— (C.7)

S T

okl

4

e R GEs e, e

For n = 3
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SHOCK RELATIONS

The mechanical shock relations, derived f£rom
the laws of conservation of mass and momentum are

U=y, =y/225 (p.1)

and

v = Vv, % /(VO—V.)(P. "Pc)l (D.2)

where U 1is the shock velocity, v the particle velocity
vV the specific volume and P the pressure respectively,
and ( )0 refers to condition ahead of the shock, ( )1 to
conditions behind the shock.
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137 to 151 pave shown that the relation

Experiments
between shock velocity and particle velocity behiand the shock
relative to the particle velocity ahead of the shock may be

represented by a simple linear relation to surprising accuracy
Ll - v o= ¢ + 5 (»ﬁ - L@) (D.3)

where ¢ way be identified as the adisbatic bulk sonic
velocity, and S is related to the change in compressibility
with pressure.

Eliminating Vv, between Eq. (B.1) and (D.2) ang
using Eq. (D.3), a relation between interface pressure F
and velocity V* may be devised by considering the shock
moving into the stationary undisturbed target.

pPY = Sro v Ce¢ * S Vﬁ) (D.4)

where p = 1/V  tepresents density. Similarly by considering
the shock moving into the undisturbed projectile material which
has a velocity V

Pr= g v e v s v)] e

Equation (D.4) and (D.5) are two simultaneous
equations for interface pressure and velocity.

Explicit solutions for P and V' sre difficult
to obtain, bui the solution can be obtained very simply by
plotting Eq. (D.4) and (D.5) and obtaining the solution graphi-
cally. Since the intercept of Eq. (D.5) on the abscissa is
the projectile velocity V , it is customary to draw the two

164



=y ok .

s
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// curves on overlays, so
that they may be positiomed
to obtain solutions for any

/ projectile velocity.
Eo D .
707 ,/4%’0 + For the acoustic approxi-
Pl - — — = 2 mation, i.e. neglecting the

change of compressibility with
pressure, S = O aund the above
curves become straight lines.

AN

) y/* ﬁ?; An explicit sclution may be
V —> found
P*’- . \/ ./Dl‘o CF . /Ot:; Ce (D ())
ﬁ'a CP + ./?t'o C'L'
c
v =V I3 e (D.7)

ﬁ*ocP * fre e

The condition that the shock in the projectile
moves below the original target surface is U_> 0 .
Applying Eq. (D.1l), (D.2) and (D.3) to the shocks in the
projectile and target, and eliminating the specific volume,
the condition reduces to

V > = (U.8)

which may be evaluated with the use of Eq. (D.4) and (D.5).
Again a semi-graphical method is useful. Using Eq. (D.5)

V > cp v S (\/wﬁ‘/") (n.9)
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and a sgimple trial and error procedure employing the
. ok %
cuxves previously used to find P and V  may be used.

When the projectile and target materials are
. . *
identical, V = 3V by symmetry, and

V o> — (D.10)
l "-"',l: ’SP
In the acoustic approximation, Sp = 0 and

Eq. (D.9) and (D.10) reduce to
y > Cp (p.11)

as may be expected.

Interface velocities and pressures obtained
graphically from P - v plots are plotted in Fig. 5.la
and b as a function of projectile velocity. The V* ve. V
curves are very nearly straight lines, over the velocity
range shown. In fact they may be approximated by straight
lines given by

£ )
Vo=t ()Y

(D.12)
above a projectile velocity of about ¥ km/sec with a maximum
error of about 207 for most materials. Corresponding approxi-
mate values of P* may then be obtained from Eq. {(D.4).

While the approximation is not too accurate, it does atfcrd

a simple means of estimating interface pressures and densities
rapidly.
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TABLE 1V
EMPIRICAL FITS TO THE PENETRATION LAW

/4 -k (_EE_)2/3 ( p§v2)1/3
Pe t
Pe . Ht " Max. Vel K = 55)2/3(“§E" 13 B_
Target (gm/cc)y (kg/mm“) (km/sec) Pp Ptvz 4
Al. 1100F 2.79 * h.37 *
Al, 2024 & 245T| 2.68 114=-120 3.98 0.413 + 0.007
Cu. (36) 8.88 36 333 0.366 + 0.009
Cu. (65) 8.88 65 5,27 0.419 + 0.031
Pb, 11.3% b 5.00 0.312 + 0.020
Stl. 1020 7.69 111 3.95 0.378 + G.010
Stl. 1030 7.69 123 3.9¢6 0.371 + 0.012
Scl. 30 RC 7,74 302 3.52 . 0.279 + 0.00k
cd. 8.66 23 5.01 '. 0.309 + 0.046
Ag. 10.45 % 2.54 *
Zn. 7.13 45 2.51 0.37% + 0,014
B R SN SO SRS PR,
* 1/3
H, for these materials ig unknown. The values of k/’Hc fox

t

these are:

and (ii)

Ag. target (0.277 + 0.024) x 1073 cm/dynellB .
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(1) 1100F Al. rarget, (0.287 + 0.008) x 10"> cm/dyne
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- TABLE V

EMPIRICAL FITS TO THE

LOGARITHMIC PENETRATION LAW

4
an

y p/d = k., log (1 + e )

A 1 &ZHt

. o i H o /o Ma:x° Impact i " Deviq?ion

§ | Pred Target t | Pp/Pr |Vel.(km/sec) 1 2 (p/d)

. Al. | 1100F Al. * | 1.0 4,37 0.603 %* 0,043

k! Al, | 2024 A1, 120 | 1.0 2.00 0,602 3.815 0,091

_ Al, | 248T Al. | 114 | 1.0 3.98 0.694 | 4.863 0. 049

§ Fe. | 2024 Al. | 120 | 2.93 1.65 0.672 | 0.765 0.099
Cu. | 2024 Al. | 120 | 3.32 1.86 1.096 | 1,649 0.146

i Sn. Sm. 5.3 | 1.0 2.27 0.421 | 9.261 0.102

| Al, | 1020 5ti. 111 | 0.3%2 2.19 0.182 | 6.089 0. 040
Fe. | 1020 Sti. 11l | 1.0 1.71 0.521 | 4.305 0,106
Cu. | 1020 Stl 111 | 1.13 1,64 0.550 .87 0.067
¥b. | 1020 Stl. 111 | 1.46 1,29 1.116 | 11.639 0.049
Mg. | 1030 sti. 123 | 0.226 3,70 0.270 | 17.795 0.032
Al. | 1030 Sti. | 123 | 0.360 4,00 0.287 | 4.181 0,028
Fe. | 1030 $t1 123 | 1.0 3.96 0.501 | 3.416 0.043
¥e, | 4140 Sti 245 | 1.0 2.30 0.359 | 1.137 0.062
Fe. | 30RC St1, | 302 | 1.0 2.26 0.632 | 3.730 0.020
Cu. . 6 | 1.0 3.33 0.535 4,145 0.029
Al, G, 65 | 0.301 5,27 0.427 | 14.695 0.058
Cu. Cit, 65 | 1.0 3,06 o.42 1.555 0.080
Al, b, 8| 0,237 5,00 0.4s54 | 63.909 0.108
Cu. ¥h, ¢ | 0.786 2,19 0.539 | 6,847 0,102

the least squaxez fit is 122.5 x 108 dynes/cmé .
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M Ht for this material is unknown. The value of (kzﬂt) from
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Fig. 5.2 continued Cratcrs in Lead Targets formed by
1/8" Spheres at Approximately 1500 ft/sec
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Illustration of Cratering in the High Velocity Region.
Copper Target Struck by Copper Sphere. The Projectile
Material bas bheen Lifted to Illustratc the Plating
Effect. (Ref, 30)
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e

Fig., 5.9 Numerical Solution cf the Penetration of an Iron

Projectile into an Iron Target, Neglecting Material
Strength (from Ref. 128 )
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Meteorite into Tuff (from Ref. 152
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